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ABSTRACT
Koretko, Jade Ann. The examination of the function of the cofactor Schnurri in the cyst
stem cells of the D. melanogaster testis niche. Published Master of Science,
University of Northern Colorado, 2019.

The study of adult stem cells in modern day research provides pertinent
information about the development of organisms, how they grow, and how tissue is
maintained. Drosophila melanogaster provide an ideal model for in vivo stem cell
research, with one of the best-characterized niches in the testis. The testis stem cell niche
consists of a hub that provides signals to the local stem cells, germline stem cells (GSCs),
and cyst stem cells (CySCs). The CySCs produce cyst cell lineage that will provide
support for the GSC daughter cells, which differentiate into sperm. Previously, Matunis,
et al. determined the function of shn, a cofactor in the BMP signaling pathway, within the
cyst cell lineage. Shn was found to non-autonomously control the ability of the cyst cell
lineage to regulate the transit amplification of encysted germline cells. Without shn in
cyst lineage cells, germline cells overproliferated and failed to undergo spermatid
differentiation (Matunis et al., 1997). We hypothesize that Schnurri (Shn) promotes the
differentiation of cyst cells and is sufficient to induce differentiation of CySCs within the
stem cell niche. We found that schnurri expression is specifically repressed in the CySCs.
When we inhibited shn within the cyst lineage cells by RNAi, we found a significant
increase in the number of CySCs and early cyst lineage cells, supporting the hypothesis
that Shn is necessary for differentiation. Furthermore, the UAS/Gal4 system was utilized
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to misexpress shn within the CySCs. We observed a significant decrease in the number of
CySCs, which we hypothesize is due to the increased differentiation of CySCs. However,
there was only a reduction, suggesting shn is not a master regulator, but rather a part of
the process. Interestingly, we also saw an increase in the number of early cyst lineage
cells suggesting a misregulation in the cyst lineage differentiation process. In the future,
the understanding of the misregulation occurring in the cyst lineage and germline cell
during their differentiation processes should be explored to further understand the role of
shn in the testis niche.
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CHAPTER I
INTRODUCTION AND REVIEW
OF LITERATURE
The Importance of Stem Cells and an Ideal
Model Organism
In the human body, there are a group of cells within most tissues that divide to
replenish cell populations and maintain homeostasis. These groups of cells are known as
adult stem cells (or tissue-specific stem cells) (1). Because of their function, the research
of stem cells is immensely important. Where do they reside within tissues? Are there
multiple types of stem cells within a tissue? What type of cells do they produce and how
do these daughter cells develop? What is the difference between the differentiated
daughter cells and the stem cells? How do stem cells decide to divide, and how is the
choice made between staying as a stem cell (self-renewal) and differentiating? Can we
induce stem cell division? These types of questions have been posed by scientists since
the discovery of stem cells (1). With answers to these questions, scientists can develop
ways to manipulate stem cells. There is potential for stem cells to be created from other
types of differentiated cells through use of transcription factors (2). The requirements of
stem cells can be mimicked or manipulated to allow stem cells to thrive in different
locations in the body or even in artificial laboratory environments. With these advances,
medical techniques like regenerative medicine can become possible (1). Hearts might be
made in laboratories and neurons regenerated within the body (3). Without the study of
stem cells, these possibilities would disappear.
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An ideal model for adult stem cell research lies within the testis of the Drosophila
melanogaster (fruit flies). The testis niche has been studied so extensively that there is a
plethora of knowledge and tools that can be used to manipulate the stem cells residing in
the niche (4, 5). Besides the wealth of knowledge that is available for the testis, D.
melanogaster provides an ideal model organism to work with. They are small, easy to
maintain, and have a short reproductive cycle. This allows for a lot of data in a small
amount of time. Fruit flies have also been studied for over 100 years, so there are a
plethora of genetic tools available, and several that are still being developed, to
manipulate genotypes to help develop a better understanding of how certain genes and
proteins function. With only four chromosomes, the tools utilized to genetically
manipulate flies are well characterized and reliable. Notably, 75% of disease related
genes that are found in humans have an orthologue in D. melanogaster (4, 5). These
parameters provide an ideal mixture of information and experimental ease that make D.
melanogaster an excellent model organism.
Within the testis niche, adult stem cells are studied and manipulated to understand
their function (4, 5). The study of adult stem cells not only provides information about
how stem cells function in fully developed organisms, but it is less controversial than
using embryonic stem cells, which require the destruction of a blastocyst embryo to
obtain. Stem cells have the ability to divide and create cells that will further differentiate
into another type of cell and to self-renew to maintain the stem cell reservoir within the
tissue (1). The ability to self-renew is a significant characteristic of stem cells. Adult stem
cells are more differentiated then embryonic stem cells, because embryonic stem cells
can become any cell type within the body, while adult stem cells are specific to the tissue
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within which they reside. They can be unipotent, meaning that they produce only one
type of differentiated cell, or multipotent, with the ability to produce multiple types of
differentiated cells, depending on the tissue type. For example, the support stem cells of
the testis niche only have the potential to create differentiated support cells, while stem
cells that reside within the bone marrow produce cells that can become many types of
differentiated blood cells (1).
The Drosophila Testis Architecture
The stem cells of the D. melanogaster testis niche divide asymmetrically. An
asymmetric division results in a stem cell that self-renews and a daughter cell that will
differentiate. The testis niche is organized around a group of cells at the apical end,
known as the hub (Figure 1.1) (5, 6). The stem cells surround the hub and receive
molecular signals that tell them how to function. Because of these molecular signals,
stem cells must remain in direct contact with the hub to maintain their stem cell identity.
If contact to the hub is lost, cells will differentiate (7). There are two types of stem cells
present in the testis niche, germline stem cells (GSCs) and cyst stem cells (CySCs). The
GSCs form a rosette around the hub, where direct contact can be seen with staining. In
contrast, CySC staining shows nuclei located on the periphery of the rosette, because
CySCs have cytoplasmic extensions that fit between the GSCs to allow for hub contact
(5, 6, 8-11).
GSC daughters will eventually differentiate into sperm, while cyst stem cells will
produce support cells called cyst cells, which guide the differentiating germline cells.
Two cyst cells wrap their cytoplasm around each differentiating germline cell. Each
germline cell produced from a GSC will mitotically divide four times, remaining
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interconnected via a fusome. These divisions are synchronous, since they are
interconnected with a fusome in incomplete cytokinesis. The single cell that is formed
from the asymmetric division of GSCs is called a gonialblast before it undergoes mitosis
and is called a spermatogonium. This regulated mitotic divisions of the differentiating
germ cells, called spermatogonia, is known as transit amplification (TA). After TA, 16
spermatogonia will cease mitosis and terminally differentiate into spermatocytes, then
proceed through meiosis and complete spermatogenesis. The CySCs of the testis niche
divide to produce cyst cells, which immediately withdraw from the cell cycle, and
envelope the dividing germline cells with a partner. The cyst cells expand as they move
through the testes with the dividing spermatogonia, providing support and molecular
signaling to the germline cells (5, 6, 8).

Figure 1.1 The Drosophila testis stem cell niche (6).
Mechanisms of Asymmetric Division of
Stem Cells and Adhesion in the Niche
The hub, which provides the signals for stem cell maintenance, is a group of 1015 non-dividing somatic cells. At the apical end of the testis, the extracellular matrix and
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the integrins of the hub cells provides the anchoring point that keeps the hub in place.
When integrins are lost, the hub can localize in the wrong location or be completely lost
(5, 12). Interestingly, even if the hub is in the wrong location, GSCs and CySCs will still
form their normal rosette around the hub. This proves that integrins are not the adhesion
mechanism of the stem cells. Instead, E-cadherin is required to connect the stem cells to
the hub. E-cadherin appears to have a larger function in GSCs (13, 14). Along with Ecadherin, Leukocyte-antigen-related-like (Lar) receptor tyrosine phosphatase and
Adenomatous Polyposis Coli 2 (Apc2) localize to the hub-GSC junction, or interface, to
help with adhesion, orientation of centrosome, and spindle formation (9, 12-16). Apc2 in
particular is believed to have a function in anchoring the centrosome to the hub-GSC
interface (12).When GSCs divide, the ‘mother’ centrosome lies at the hub-GSC interface,
while the daughter centrosome forms at the opposite end of the cell. This means that
when the GSC divides, the spindles form so that one daughter cell is pushed away from
the hub, while the other daughter stays positioned right next to the hub. Without these
components, GSCs fail to orient their mitotic spindles correctly (12, 15). However, in
wild-type GSCs, there is a natural ‘back-up’ mechanism that pauses the division process
if the centrosomes are not aligned to allow for proper spindle formation. This failsafe
does not always work, but it does decrease the chance of natural malformations in the
testis niche (17, 18). Surprisingly, it does not appear that E-cadherin has such an
important role in CySCs, though this idea has not been fully explored. When CySCs
divide, their centrosomes randomly orient until anaphase, when they move into position
to allow for an oriented division (9).
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In the germline, the spermatogonial cells have the potential to dedifferentiate to
repace lost GSCs. Germline cells that have already become spermatocytes have gone too
far in the process of differential transcription to reverse their identity. Spermatogonia that
dedifferentiate have to go through a process of dissolving the fusome and breaking the
bond holding the cyst cells that encapsulate the spermatongial cells together. The end
result is a single cell that can re-adhere to the hub (18-20). The CySCs of the niche play
an important role in mediating this process, because when the CySCs are also lost, GSCs
fail to dedifferentiate. Besides these significant processes, CySCs and GSCs have the
ability to divide symmetrically to produce two stem cells that adhere to the hub (19, 20).
These processes help to create a robust tissue that can often fix itself after injury (19, 20).
With the ability for the stem cell populations to adhere to the hub, there has to be
a stark balance between adhering too strong and adhering too lightly. If the cells do not
adhere enough, stem cell populations can be lost. However, if the stem cells adhere too
tightly to the hub, there is possibility for one population to outcompete the other (21, 22).
An example of this can be seen in CySCs with Suppressor of cytokine singaling at 36E
(Socs36E). Socs36E functions to negatively regulate the Janus kinase-signal transducer
and activator of transcription (JAK-STAT) pathway. It acts to maintain the approximately
2:1 ratio of CySCs:GSCs in the testis niche that is essential for proper encystment of the
dividing spermatogonial cells (5, 21). When CySCs have mutant Socs36E, they have an
overabundance of adhesive integrin receptors. This increase in integrin receptors allows
the CySCs to bind the hub with enough strength to displace GSCs from the hub, resulting
in fewer GSCs. Even within the CySC population, cells that have mutant Socs36E
outcompete CySCs that have the wild-type version. Interestingly, the loss of Socs36E
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does not appear to have any effect on GSCs. This suggests that CySCs and GSCs have
lineage specific adhesion mechanisms (21, 22).
Mechanisms of Self-Renewal
in the Cyst Lineage
Cell signaling within the testis niche provides information for all cell types to
allow for proper functioning. Without signaling pathways, the homeostasis of the testis
architecture would be broken. Molecular signals pass from hub cells to stem cells, from
stem cell to stem cell, from support cell to germ cell, and vice versa (Figure 1.2) (1, 23).
All of these molecular signals provide a complex map of signaling pathways that results
in the proper functioning of the testis niche (5, 6, 8).

Figure 1.2 Signaling pathway regulation in the testis niche (23).
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The Janus Kinase-Signal Transducer
and Activator of Transcription
(JAK-STAT) Signaling
Pathway
Since the GSCs and CySCs are directly in contact with the hub, they are in close
enough proximity to respond to the unpaired (Upd) ligand released from the hub. The
Upd ligand directly activates the JAK-STAT pathway in both stem cell populations. The
JAK-STAT signaling pathway consists of the cytokine receptors, called Domeless
(dome), and latent transcription factors that reside within the cytoplasm until activated,
called STATs (24). When the ligand binds to the receptor, two cytokine receptors will
multimerize to create a functioning receptor complex, resulting in STAT phosphorylation
and translocation to the nucleus to influence transcription. (22, 25, 26). For D.
melanogaster, there is only one STAT transcription factor, Stat92E. For CySCs, the Upd
ligand provides the signal that maintains their stem cell identity, while the Upd signal
promotes adhesion of the GSCs to the niche (22, 25-27). As the stem cells divide and
cells move away from the hub, they lose the ability to receive the Upd ligand, and
differentiate (22, 25, 26).
Within the CySCs, JAK-STAT acts to turn on Zinc-finger homeodomain protein 1
(Zfh-1) and chronologically inappropriate morphogenesis (chinmo). Zfh-1 and Chinmo
are both required for CySCs to self-renew. When either factor was misexpressed, there
was an increase in CySCs in the testis, and this indirectly led to an increase in the number
of GSC-like cells in the testis (26, 28). These findings revealed that the CySCs
communicate directly with the GSCs. However, chinmo was not required for the selfrenewal of GSCs (28). Another gene that is necessary for the self-renewal of CySCs is
ken-and-barbie, but it acts independently of the JAK-STAT pathway (29). Zfh-1, chinmo,
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and ken all act as transcriptional repressors, which suggests that the self-renewal process
in CySCs may involve the repression of genes that promote differentiation (25, 26, 28,
29). Though Zfh-1 functions to mediate CySCs and GSCs in their self-renewal, it is only
expressed in CySCs. For this reason, Zfh-1 is commonly used as a marker for CySCs
within the testis niche. This expression of Zfh-1 suggests that the JAK-STAT pathway
has independent functions in each cell population (25, 26, 30, 31).
The Hedgehog Signaling Pathway
Besides the JAK-STAT pathway, the Hedgehog pathway is also involved in the
self-renewal of CySCs. When the Hh ligand is present and produced from the hub, the
Hedgehog pathway is induced in the CySCs, causing Ci translocates to the nucleus to
induce transcriptional target genes. When single mutant cells (mutant clones) of
Smoothened (Smo), a significant effector in the Hedgehog pathway that allows for signal
transduction, are created in an otherwise heterozygous background, there is a decrease in
the number of Smo mutant CySCs compared to the number of marked CySCs in the
control testis (23, 32). In a temperature sensitive knockdown experiment the Hh ligand,
the number of CySCs was also significantly reduced (33). When downstream components
of the pathway were restored, the number of CySCs was nearly restored to be comparable
to the number of CySCs in control flies. Conversely, when Ciact was overexpressed, there
was an expansion in the number of CySCs in the testis. In all experiments performed, the
number of GSCs was unaffected (23, 32, 33). These results show that Hh is necessary for
only the self-renewal of CySCs. It is thought that the Hh and JAK-STAT pathways work
in parallel to regulate the self-renewal of CySCs, but they act independently. In JAKSTAT mutant testis, Hh signaling is unaffected, while the misexpression of Hh has no
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significant rescue of CySCs in the STAT92E or chinmo mutant testis. The misexpression
of Hh can delay the loss of CySCs in JAK-STAT mutant testis, but this misexpression is
overall insufficient to maintain CySCs (32).
Merlin Regulates Cyst Stem Cell
Number
Besides the ability to self-renew, the proliferation of the stem cells in the testis
niche must be regulated to maintain the 2:1 ratio normally found between CySCs and
GSCs. Merlin (Mer) is a tumor suppressor that normally inhibits proliferation through the
regulation of adheren junctions and contact inhibition (34). Interestingly, it was
discovered that Mer also plays a role in regulating the proliferation of CySCs in response
to contact inhibition. When Mer is lost in the cyst lineage, there is an increase in the
number of cyst lineage cells. However, the phenotype seen was only a slight increase in
the number of cyst lineage cells. This led the authors to question whether the phenotype
seen would become more severe if the Mer mutant cyst lineage was exposed to a
mitogen. When the mutant cyst lineage cells were exposed to overexpression of the BMP
pathway ligand, Dpp, there was a significant increase in the number of CySCs and cyst
lineage cells. These findings suggest that Mer is necessary for CySC resistance to
mitogens, similar to its tumor suppressor role seen in other tissue types. There is also a
defect in the adheren junctions of the cyst lineage, where they appear to be weak in
comparison to wild-type testes. Taken together, Mer was discovered to be necessary in
regulation the proliferation of CySCs due to the contact inhibition seen when the cyst
lineage cells surrounds GSCs and spermatogonia. The model put forward by the authors
suggests that CySCs divide in response to broken adheren junctions that occur when a
GSC, surrounded by two CySCs, divide, break the adheren junctions of the CySCs, and
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move away from the hub. Once the cyst lineage cells encapsulate the newly divided
gonialblast, and the CySCs again encapsulate the newly self-renewed GSC, the adheren
junctions again become intact and contact inhibition prevents further CySC division (34).
Mechanisms of Self-Renewal in the
Germline Cells
Within the testis niche, the Transforming Growth Factor-ß (TGFß) pathway is
another pathway that plays a significant role in the regulation of cellular functions. There
are two types of TGFß signaling pathways in the fly: the Bone Morphogenic Protein
(BMP) pathway and the activin-type pathway. The BMP pathway has been reported as a
requirement in the GSCs and differentiating spermatogonia, while the activin-type
pathways has been reported as necessary in differentiating cyst cells (Figure 1.3) (35-39).
The ligands of the BMP pathway are decapentaplegic (Dpp) and glass bottom
boat (Gbb). Dpp/Gbb homodimerize or heterodimerize and bind to the receptor of the
BMP pathway. In the testis, the hub and CySCs release Dpp and Gbb (26, 35, 37). The
dimerized ligands will bind to a dimer of the type II receptor (Punt/Put and Wishful
Thinking/Wit) in the membrane of the target cell, inducing Punt to phosphorylate and
bind to a dimer of type I receptor (Thickveins/Tkv and Saxophone/Sax). The resulting
receptor complex is a tetramer. From here, a receptor regulated Smad (R-Smad, Mad in
Drosophila) is phosphorylated, then it binds to another R-Smad. The dimerized R-Smad
complex then binds to a co-Smad (Medea in Drosophila) and moves to the nucleus where
a cofactor can bind to the R-Smad to help increase binding affinity of the complex and
signal strength (40-42). One cofactor in the BMP pathway is Schnurri (Shn), which is
known to directly interact with the R-Smad Mad (43, 44). In both BMP and activin-type
pathways, there is one inhibitor-Smad, called daughters against Dpp (dad), which acts to
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negatively regulate the pathways after activation to prevent misexpression of TGFß
targets (41).
Bone Morphogenic Protein (BMP)
Signaling in the Germline

Figure 1.3 The TGFß Pathways: BMP and activin-type pathways (38).
In testes where temperature sensitive Gbb and Dpp were used to determine mutant
phenotypes, it was found that when Gbb was lost in the testes, there was a significant
decrease in the number of GSCs. When mutant Dpp was created, there was not a
significant loss in GSCs, but the temperature sensitive alleles created a weak phenotype.
To determine if Gbb and Dpp work cooperatively in the testis, a partial loss of Gbb and
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mutant Dpp was observed which resulted in a decrease in GSCs. This suggested that Gbb
and Dpp function cooperatively in order to regulate the maintenance of GSCs.
Furthermore, when Put was lost in testes, there was a complete loss of GSCs, providing
even more support that the BMP pathway is necessary for GSC maintenance (35). When
mutant GSCs for components of the BMP pathway (put, tkv, sax, mad, amd Med) were
created independently, the mutant GSCs were rapidly lost in the testis compared to
normal GSCs (35).
To further understand where the BMP pathway is working in the testis, the
expression of Dad was determined, since it is transcriptionally activated by BMP
pathway. Dad was found to be expressed in GSCs and spermatogonia cells, suggesting
the presence of BMP signaling in these cell populations. When Dad was overexpressed in
GSC cells, there was a loss of GSCs, similar to the mutant Gbb/Dpp phenotype (37).
The loss of GSCs in testes with knocked down or knocked out BMP signaling
could be attributed to cell death or forced differentiation. To determine the fate of the lost
GSCs, a TUNEL assay was performed. The results showed that there were no dying
GSCs in the testis where BMP signaling was lacking (35). This led to the question: what
is causing the differentiation of the GSCs? Interestingly, in the ovary, bam is normally
repressed in the germline cells by Dpp (45). When bam is misexpressed in the germline
cells, it caused forced differentiation of the germline cells, similar to the phenotype seen
in male germline cells. In order to determine if bam is also repressed in testis germline
cells, the expression of bam in the testis was explored. It was found that Bam was
expressed in differentiating spermatogonia, but not GSCs (35). When GSCs were mutant
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for components of the BMP signaling pathway, Bam was misexpressed, suggesting that
BMP signaling is required to repress Bam.
There was no effect on GSCs when bam was misexppressed in CySCs, likely due
to the fact that bam control differentiation in a germline specific manner. Surprisingly,
when Dpp was overexpressed in GSCs, bam was suppressed in all germline cells of the
testis, while overexpressed Gbb only suppressed the expression of bam in the early staged
germline cells (35).
Effect of Health and Diet on the Niche
Interestingly, the health and diet of the male D. melanogaster also affects the
ability of stem cells to be maintained in the testis niche. Insulin signaling, a type of
receptor tyrosine kinase (RTK) signaling, is the main culprit in the regulation of stem
cells during starvation conditions, because it is a well-characterized regulator of nutrient
response. The RTK pathway consists of a ligand that binds to a receptor complex that
activates via cross phosphorylation and several downstream activities. When a male fruit
fly is given starvation condition diet, defined in one study as a lack of protein in the diet,
there is a decrease in the number of GSCs and CySCs in the testis. After a TUNEL assay
was performed to determine if the stem cells were dying, it was discovered that there was
no increase in apoptosis, but rather it appeared that the stem cells were differentiating and
moving away from the hub (46). There was also a decrease in the number of GSCs that
were proliferating, seen in a decrease of marked germline cells, which would in normal
conditions be derived from dividing GSCs (8, 46, 47).
In conditions where protein and sugars were lacking, it was discovered that the
process of GSC proliferation was stalled at the centrosome orientation. When the insulin
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receptor was knocked down in the GSCs of flies in with normal diet, there was an
increase in the number of misoriented centrosomes, suggesting that centrosome
orientation is downstream of the insulin signaling pathway. Akt, a known downstream
effector of the insulin pathway, when knocked down also showed a similar misoriented
centrosome phenotype. From here, the question remains, how does the insulin receptor
and Akt effect centrosome orientation? As previously mentioned, Apc2 localized to the
hub-GSC interface to allow for proper orientation and anchoring of the centrosome (9). It
was found that Apc2 would mislocalize, but not decrease in protein amount, when either
insulin receptor or Akt were knocked down. These findings suggested that through a
complex series of steps, the insulin signaling pathway can change how centrosomes are
orient in poor diet conditions (47). Interestingly, when the diet of flies was restored to
normal, the negative effects of starvation were reversed to normal stem cell numbers and
ability to orient the centrosome in GSCs (46, 47).
Similarly, the importance of the insulin receptor can be seen in the CySCs. When
mutant CySCs were created, they were unable to differentiate and remained near the hub.
They also failed to encyst the spermatogonia. Ultimately, it was discovered that the
induction of insulin signaling is necessary for the induction of PI3K, which in turn
activates Akt and Tor, and the commitment of cyst lineage cells to differentiate. The
PI3K/Tor pathway is upregulated with more insulin signaling at the cyst lineage cells
move away from the hub, thus allowing for proper differentiation (48). It appears that
insulin signaling is necessary at basal levels for the maintenance of both stem cell
populations in the niche, while an increase in insulin signaling allows for proper
differentiation of the stem cells, specifically seen in the CySCs (48).
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Effect of Aging on the Niche
The age of D. melanogaster also has an effect on the maintenance of stem cells in
the testis niche. The age-related decline in tissue homeostasis could be attritbute to a
decreased number of stem cells. One mechanism that affects the aging of the stem cell
niche is molecular changes. It was discovered that as flies age, there is a decrease in upd
expression. This leads to a decrease in the amount of self-renewal signal necessary for
stem cell maintainence. Stem cells also have a decreased ability to adhere to the hub (49).
Another mechanism that shows the affect of aging on the testis niche resides in the ability
to regulate the cell cycle. Cdc25, a phosphatase, is a cyclin-dependent kinase inhibitor
that is important for the regulation of cell cycle (50). Its homolog in fruit flies, String
(Stg), was found to be highly expressed in the stem cell populations (8, 50). When Stg
was knocked down in either stem cell population, there was a decrease in the
maintenance and proliferation of CySCs and GSCs. Surprisingly, as flies age, GSC
numbers remain relatively the same over time, but their proliferation decreases. In
contrast, the number of CySCs decreases and their rate of division stays the same. When
Stg was misexpressed in GSCs of older flies, the loss of proliferation was rescued.
However, in some testes, tumors of germline cells and CySC-like cells formed. The
natural decrease in Stg is believed to be a part of an important tumor-suppressing
mechanism in aging flies (50).
Epigenetic Regulation of Stem
Cell Function
Another important regulator of stem cell function in epigenetic changes.
Nucleosome-remodeling factor (NURF) is part of the ISWI ATP-dependent chromatin
remodelers that are found to be enriched in the testis niche. In testes where NURF is
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knocked down in GSCs, the number of GSCs decreased, with premature expression of
the differentiation marker bag of marbles (Bam). This suggested that NURF is necessary
for maintaining GSCs by preventing premature differentiation. There were no defects
found in the spermatogonia that were differentiating through the testis, so it is assumed
that NURF has no effect over the differentiation process of GSCs. Similar to GSCs, when
NURF was knocked out in CySCS, there was a decrease in the number of CySCs, but the
cyst lineage cells appear to differentiate normally (8, 51). Because the JAK-STAT
pathway is known to directly maintain GSCs and CySCs, it became a possibility that
NURF was directly affecting the function of the pathway. In GSCs with NURF ablation,
a decrease in the levels of Stat92E was observed. When the JAK-STAT pathway loses its
normal form of regulation, the CySCs where JAK-STAT is up-regulated bind tightly to
the hub and displace other CySCs and GSCs. To rescue this mutant phenotype, the
ablation of NURF or Stat92E was found to be necessary. This results in CySCs and GSCs
residing normally around the hub. With all of these results taken into considersation, it is
hypothesized that NURF activates the JAK-STAT pathway by promoting the
transcription of JAK-STAT activators (51).
Another protein that interacts with chromatin to regulate stem cell maintenance is
no child left behind (NCLB). NCLB only affects the germline cells of the testis. When
NCLB is knocked down in the testis, the GSCs are not maintained around the hub and
have a decreased expression of Stat92E. Despite the lack of Stat92E in the GSCs, there
was normal expression of Upd found in apical end of the testis, suggesting that the defect
in GSC maintenance is not because of the niche environment. In NCLB mutant flies,
there is a defect in spermatogenesis, seen by the lack of mature sperm. By knocking out
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NCLB in some GSCs, it was discovered that the mutant GSCs that have started
differentiation and moved away from the hub can produce cells that properly differentiate
into spermatogonia, but fail to complete the TA process and terminally differentiate into
spermatocytes. These results suggests that NCLB is necessary for the maintenance of
GSCs, but when the GSCs progress into differentiation, NCLB also plays a regulatory
role in TA process. Together, these results prove that NCLB is required for active
transcription in the germline cells of the testis, GSC maintenance and completion of
spermatogenesis (52).
Interestingly, the sex determination of D. melanogaster germline cells is also
regulated via epigenetics. A histone reader called Plant homeodomain finger 7 (Phf7) is
necessary for the maintenance of GSCs and proper spermatogenesis, similar to NCLB.
Phf7 is also expressed solely in the germline cells of the testis niche. When Phf7 was
knocked out in random GSCs in an otherwise heterozygous background, the number of
mutant GSCs declined steadily, while normal GSCs were maintained. Interestingly, when
Phf7 was knocked down in all GSCs of the testis, the number of GSCs was maintained.
This difference in retention was likely due to the competition between wild-type GSCs
and mutant GSCs in the knockout experiment. The reason for loss of GSC maintenance
was determined to be the misorientation of centrosomes from the hub-GSC interface.
However, spectrosomes became oriented to the hub-GSC interface, which is seen
commonly in female germline cells. These results suggest that it is not necessarily a
defect in the control of centrosomes, but rather a defect in the sex determination of the
GSC cells in the testis. The mutant GSCs in the testis develop feminized characteristics.
The mutant GSCs that were lost from the hub created spermatogonia that failed to pass
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the early TA process into later stage differentiation, further suggesting that Phf7 is
necessary for the proper functioning of the germline lineage. The completion of a binding
assay provided evidence that Phf7 binds directly to histones, leading to the hypothesis
that Phf7 is recruited to affect chromatin structure in order to change gene activity. In the
case of the testis, Phf7 is necessary for the regulation of chromatin structure necessary for
proper germline cell identity and function (53).
Regulation of Differentiation in
the Germline
Differentiating germ cells rapidly turn on expression of the bag of marbles (Bam)
gene, and as previously mentioned, repression of Bam is necessary for the maintenance
of GSCs (54). When Bam is misexpressed in the GSCs, the GSCs differentiate, while loss
of Bam expression causes an increase number of GSCs (54). These results show that Bam
does not function in the GSCs, however, Bam does function in the differentiating
spermatogonia. It was discovered that Bam, along with benign gonial cell neoplasm
(Bgnc) are required for spermatogonia to cease proliferation in the process of TA, and to
allow for proper differentiation into spermatocytes (55). When bam or bgnc were
knocked out in the hub cells or cyst lineage of the testis, there was no effect on any cell
population. However, when they were individually knocked out in the germline lineage
of the testis, the TA spermatogonia over-proliferated and failed to become spermatocytes.
Interestingly, when bgnc was knocked out in germline cells, bam was still present in the
cytoplasm, where it is typically found. The bgnc mutant germline cells still continued
amplifying, even when Bam was present. In the cysts of over-proliferating spermatogonia
of both mutant experiments, the spermatogonia were interconnected and failed to
complete full cytokinesis. They also were divided synchronously. This is consistent with
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normal TA spermatogonia that are connected via fusomes as they progress through their
amplification process. These results provide a clear distinction between the overproliferation of spermatogonia and GSCs. The cells over-proliferating in bam and bgnc
mutants are spermatogonia because they divide in large synchronous groups.
Furthermore, the hypothesis put forward is that Bam and Bgnc are responsible for the
restriction of transit amplification in the spermatogonia to allow for the proper transition
into spermatocytes (55).
Regulation of Differentiation in the
Cyst Lineage
The differentiation of the cyst lineage cells are another important process within
the testes niche. When there are defects in this process of differentiation, besides the cyst
lineage being affected, there are also observed differences in the spermatogonia
undergoing TA. This occurs, because the cyst lineage is necessary for the support and
guidance of spermatogonia, which includes providing signals to the spermatogonia.
The Transforming Growth
Factor-ß (TGFß) Pathway
As previously mentioned, the TGFß pathway superfamily consists of the BMP
and activin-type pathway in the Drosophila. The difference between BMP and activintype signaling is the mechanism in which they are activated and respond. The type II
receptor of the TGFß pathway is a constitutively active serine/threonine kinase, therefore
the specificity in cellular signaling must rely on the difference in type I receptor. In
activin-type signaling, the type I receptor is Baboon (Babo). The ligands specific to the
Put and Babo tetramer complex are Drosophila activin (dACT) and Dawdle (Daw). Babo
acts on a different R-Smad, known as dSmad2 or Smox. Similar to Mad, Schnurri (Shn)
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is known to directly interact with Smox as a transcriptional cofactor (38, 56, 57). The RSmad of the activin-type pathway and BMP pathway do not directly bind to each other,
but there is only one type of co-Smad in the TGFß pathway, Medea. This means that
Smox will dimerize with another Smox, then bind with Medea to create an active
complex that enters the nucleus, binds with a cofactor, such as Shn, and causes
differential transcription (38, 56). Similar to the BMP pathway, in activin-type pathways,
there is one inhibitor-Smad, Dad.
Though the R-Smads of the BMP and activin-type pathway do not have the ability
to bind to each other, it does appear that the receptors for the BMP pathway have the
ability to activate the R-Smads of the activin-type pathway (38). It was determined
through several experiments that the type I receptor, Sax, acts through Smox to regulate
the differentiation process of encysted spermatogonia. When Sax is knocked out in the
cyst lineage cells, the spermatogonia in surrounded by the mutant cells over-proliferate,
suggesting Sax is necessary for the control of proper amplification. Interestingly, in Babo
knock out testis, there was a low frequency of over-proliferative spermatogonia,
suggesting Babo might also play a small role in the regulation of spermatogonia
differentiation. Similarly, when Smox is knocked out in the cyst lineage cells, there was
increase in the over-proliferation of spermatogonia cells. To determine if Smox acts
downstream of Sax, Smox was misexpressed in Sax mutant testis, which rescued the
over-proliferative phenotype. Suprisingly, Mad, the normal R-Smad for Sax was not
involved in this process. When Mad was knocked out, there was no over-proliferation of
spermatogonia. Similarly, when a target of the BMP pathway that is normally repressed,
Brinker (brk), was over-expressed, the mutant phenotype would be expected if Mad were
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involved. However, the over-expression of Brk did not cause any over-proliferation of
spermatogonia (38).
Punt and Schnurri in the Cyst
Lineage Cells
Besides Sax, Babo, and Smox, it was discovered that Put and the cofactor Shn are
also involved in cyst lineage control of spermatogonia in the TA process (36). In order to
find that Shn was necessary in the testis, a screening for mutations on the right arm of
chromosome II (2R) that led to over-proliferation of spermatogonia was performed. Shn
and Put were identified. After identifying Shn as a potential regulator of the
differentiation of spermatogonia, the expression pattern of Shn was determined to be in
the nuclei of all cells within the testis niche (36).
When mutant cyst lineage cells of shn were produced, the spermatogonial cells
that were encysted by that cyst cell over-proliferated. In contrast, when mutant shn
germline cells were created, there was no effect on over-proliferation, further supporting
the idea that the cyst lineage cells have control over the encysted spermatogonia as they
differentiate. The cysts consisted of upwards of hundreds of small spermatogonia cells
that eventually underwent apoptosis, because they were unable to continue along the
differentiation path into spermatocytes. The apoptosis of the spermatogonial cells was
noted by the fragmentation of DNA in the nuclei. Similarly, when put mutant cyst lineage
cells were produced, there was over-proliferation of spermatogonia. When the overproliferating cysts of germline cells were observed, it was noted that it only took one shn
mutant cyst lineage cell to induce over-proliferation. The cyst lineage cells also appeared
normal, but they were not functionally normal (36).
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To determine if the defect in germline cells was in the GSCs or spermatogonia,
the phenotype of the over-proliferating cells was observed. The defective cells expressed
bam, were interconnected with extensive fusome formation, and divided synchronously.
These characteristics are those of spermatogonia, suggesting the role of Shn and Put is in
the restriction of amplification and not the regulation of asymmetric division of GSCs
(36).
It is hypothesized that TA spermatogonia can be regulated either constantly or at
the end of the TA process. Regardless, the evidence for spermatogonial regulation by the
cyst lineage cells through the TA process is striking (36). Within the spermatogonia,
there is potential for Bam and Bcgn to be the regulatory mediators intrinsically (36, 55).
This would mean that the BMP pathway works in the cyst lineage cell, produces some
downstream signal that in turn signals to the spermatogonia and causes Bam and Bcgn to
mediate the proliferation of spermatogonia (36).
The Epidermal Growth Factor
Pathway
Another important process that occurs within the testis is the encystment and
regulation of the transit amplifying spermatogonia. One signaling pathway that is
necessary for both of these processes is the Epidermal Growth Factor (EGF) pathway.
The EGF pathway is an receptor tyrosine kinase (RTK) pathway. To activate this
signaling pathway, the ligand Spitz (Spi) is released from germline cells and binds to the
EGF receptor (EGFR) on the cyst lineage cells (58). When Spi is mutant in the testis, cyst
lineage cells fail to encyst the spermatogonia (10, 59). Once Spi has activated the EGF
pathway in cyst lineage cells, a guanine nucleotide exchange factor for Rac-type small
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GTPases called Vav is activated to turn on a small GTPase, Rac1, which promotes
encystment of the dividing spermatogonia (10, 59).
The EGF pathway is also important in the regulation of spermatogonial TA.
When EGF signaling is lost in the testes, there is a defect in the ability of spermatogonial
cells to differentiate. This leads to an accumulation of over-proliferating early stage
germline cells that were sometimes dividing asynchronously. Because of these findings,
it is theorized that once the cyst lineage cell receives the EGF signal via Spi, there is a
return signal to the spermatogonia causing regulation of the TA process.. Besides
inducing the premature terminal differentiation of spermatogonia, there is also increased
cyst cell differentiation in the presence of excess EGF signaling. These findings lead to
the conclusion that EGF signaling is necessary not only for the encystment of
spermatogonia, but also for the regulation of TA and differentiation for both
spermatogonia and cyst lineage cells (58).
The EGF pathway appears to act in the cyst lineage through the activation of a
protein called Ras, which is necessary to activate the mitogen activated kinase (MAP)
pathway (60, 61). Within the testis, Raf is necessary in the cyst lineage cells to help
regulate germline cell behavior. When Raf is lost in the cells of the testis, there is an
accumulation of early germline cells that share characteristics with GSCs, similar to the
phenotype seen when EGF signaling is lost. To determine which type of cells require Raf
in the testis niche, mutant cells were induced randomly. It was discovered that germline
cells do not require Raf and can function properly without it. However, when cyst lineage
cells were mutant for Raf, they were quickly lost. The importance of Raf lies within the
cyst lineage cells that support the germline cells of the testis. When Raf is missing from
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the cyst lineage cells, they are unable to properly regulate the germline cells, allowing for
tumor like accumulations of GSC-like cells (60).
Eyes Absent and Sine Oculis in the
Cyst Lineage
A common marker used to analyze late cyst lineage cells that are surrounding
postmitotic spermatogonia is the transcription factor Eyes absent (Eya) (62). In the testes,
Eya functions synergistically with another transcription factor, Sine oculis (So), to
regulate spermatocyte development. When either eya or so were knocked out in cyst
lineage of the testes, the spermatogonia encysted by the mutant cyst lineage cells would
undergo TA and differentiation without any defects. Once the spermatogonia cease TA,
they start the process of spermatocyte development, where the spermatogonia increase in
size, the nucleus increases in size with decondensation, and there is a significant increase
in active transcription. During this spermatocyte development phase, Eya and So are
necessary to regulate proper development. When eya and so were lost in the cyst lineage,
the testes did not contain any postmeiotic stages of spermatocytes. This was because the
spermatocytes surrounded by Eya or So mutant cells failed to properly develop and
eventually degenerated. Taken together, this study shows that Eya and So are necessary
in the cyst lineage cells during differentiation to allow for proper regulation of the
spermatocytes (62).
Functions of Schnurri in Drosophila
Unfortunately, the role of the cofactor Shn the testis niche remains mostly
undiscovered. For this reason, we further investigated function of Shn in the cyst lineage
of the testis. It is known that Shn acts within the cyst lineage to promote differentiation
into spermatocyte development, so we wondered whether Shn might also act to promote
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differentiation at an earlier stage—during the transition of CySCs into cyst cells (36). To
start the process of understanding the potential actions of Shn, one must consider the role
of Shn within the whole D. melanogaster.
In the developing D. melanogaster embryo, the TGFß pathway is a well-known
pathway required for several important steps that allow for a viable fruit fly. One
common defect seen in TGFß pathway mutants is the failure for dorsal closure. Since shn
is a component of the TGFß pathway, the loss of shn also resulted in the dorsal closure
failure. This leaves an open space where the developing organs essentially hang out of
the abdomen, lending to the fact that this phenotype is often called dorsal-open. These
flies failed to progress into larval development, so were considered an embryonic lethal
phenotype (63-65). This led to the exploration of the possibility that Shn acts within the
same pathway as the BMP pathway. When double mutants for Shn;Tkv and Shn;Put were
created, the mutant phenotypes were similar to phenotype seen in the single mutant flies.
Importantly, the phenotype was not stronger in the double mutant flies, suggesting that
Shn, Tkv, and Put all act within the same pathway (63, 65).
The next step in understanding how Shn functions in relation to the BMP
pathway, the expression pattern of BMP target proteins, like Labial (Lab), wingless (Wg),
Ultrabithorax (Ubx), Optomotor Blind (Omb), vestigial (Vg), Dad, and Dpp were
determined in response to mutant shn in the embryo or larval wing discs (43, 63-67). The
expression of the lab, wg, and ubx in the embryo, and omb, vg, and dad in the wing disc
was lost in shn mutants. (67). These phenotypes were similar to those found in mutant
tkv, put, and dpp flies, suggesting that shn is required for BMP signaling in these tissues
(63-65).
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The Role of Schnurri as a Cofactor
in the Bone Morphogenic (BMP)
Pathway
The R-Smad Mad is another important component of the BMP pathway that is
found downstream of Tkv and Dpp, making it a potential partner for Shn in its regulation
of BMP pathway targets (43, 44). To determine if there is any direct interaction between
Shn and Mad, labeled versions of Shn, Mad, and a constitutive Tkv receptor were
transfected together in cultured cells. Shn was localized to the nucleus of the COS cells
with Mad in the presence of TkvA. Immunoprecipitation showed that Shn and Mad
directly interact (43, 44). In the absence of constitutive Tkv, Shn and Mad still
precipitated together, just at lower levels, possibly due to basal levels of BMP signaling,
suggesting Mad and Shn interact in response to Tkv signaling (43). Similar interaction
results were seen in a yeast two-hybrid assay where portions of Shn cDNA were used as
bait and Mad plasmids were used as prey (43).
After determining that Shn binds directly to Mad, the remaining question was:
does Shn work only to enhance Mad function or does Shn work synergistically with Mad
to enhance gene expression? It was determined that Shn has two domains in which it can
directly bind to DNA (44). Interestingly, there was only a slight decrease in the
expression of a Shn/Mad target, ubx, when either Shn or Mad is lost. However, there was
never a complete ablation of ubx expression, leading to the possibility that Shn and Mad
interact synergistically to enhance transcription (43).
To determine the binding capacity and response in transcription, the activity of a
luciferase labeled Ubx gene was examined in cultured cells. When constitutive Tkv was
expressed with the Mad/Med complex necessary for DNA binding to promotor sequence,
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there was a significant increase in ubx expression compared to TkvA or Mad/Med alone.
This demonstrates that Mad/Med work downstream and in response to TkvA. When Shn
was included in the experiment, Ubx transcriptional activation was significantly
increased in comparison to the activation for Shn or Mad/Med alone. To further confirm
these results, normal Shn and Mad/Med mutant for DNA binding sites, and vice versa,
were examined and there was a slight decrease in the expression of ubx. However, when
both Shn and Mad/Med had mutated DNA binding sites, there was a severe decrease in
the expression of ubx. These data indicate that Shn acts with Mad as a DNA binding
coactivator to activate transcription of BMP target genes, such as ubx. Notably, this
means that Shn acts to increase the sensitivity of Mad in the transcriptional response
rather than the specificity of promotor binding of Mad. However, shn might also act to
increase the specificity of promotor binding to Mad in other genes that do not have Shn
DNA binding sites. Conversely, the selectivity of DNA binding for promotor recognition
could increase, because both Shn and Mad have to be able to bind and activate
transcription (43).
The Role of Schnurri as a Repressor
Besides activating genes, the BMP pathway also plays a role in repressing genes.
One BMP pathway target gene that has been heavily studied is the transcription factor
Brinker (Brk), and its regulation by Shn (66, 68). Because Shn is known to directly
interact with Mad and it is localized to the nucleus, it was thought at one point that Shn
could function solely in repressing brk. However, through a series of experiments that
examined the location of shn and brk expression, it was discovered that Shn not only acts
to repress brk at some stages of development, but it acts independently to activate
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transcription (66). Of importance to our study, it was discovered that Shn is necessary for
strict repression of brk in late stage embryogenesis. During this late embryogenesis, when
dpp was overexpressed in Shn mutant embryos, brk was still widely expressed in areas
where it is not normally expressed. The necessity of shn in the BMP pathway seen in a
similar experiment where dpp is overexpressed in shn mutants and the mutant decreased
expression of a BMP target, Snail (Sna), is not rescued (66). The ability of Shn to repress
brk is dependent on the three separate zinc finger grouping found in the protein structure
of Shn. The protein encoded by shn contains seven zinc fingers that are found in clusters
of two domains, two domains, and three domains (63-65). It was determined that the
single domains are unable to block repression of brk, while the entire complex is able to
(68-70). Interestingly, it was also discovered that Mad also has the capacity to repress brk
at other stages of development, but not entirely or for an extended period of time. These
results further promote the idea that Mad and Shn work synergistically, therefore also
suggesting that Shn does not affect the repressive or activator function of Mad, but rather
enhancing the ability of Mad to bind with other proteins (66).
In the development of the wing disc of the fruit fly, it was determined that Shn,
along with Mad/Med, are necessary for the BMP-dependent repression of brk via a
silencer element. Importantly, it was discovered that the repression of brk can occur in a
gradient dependent on the amount of Dpp exposure. In areas with small amounts of Dpp,
brk is partially repressed, while in areas of high Dpp, brk is fully repressed. In the areas
where brk is partially repressed, the amount of Brk present seems to determine which
protein is de-repressed. This shows a sensitivity to the amount of Brk in the wing disc,
specifically induced by the presence of Shn/Mad/Med. Together, the Shn/Mad/Med/Brk
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silencer complex were demonstrated to all be a requirement for the repression of brk.
When Mad/Med were absent in the nucleus, Shn would fail to bind the silencer element
of brk. In turn, if the silencer elements are broken or mutated, Shn/Mad/Med fail to
repress brk. Lastly, when Shn is lacking or unable to bind to the complex, brk repression
fails (70).
Given the widespread effect of the BMP pathway, it was not surprising when it
was discovered that this is not the only instance in which the Shn/Mad/Med complex are
necessary for a gradient readout in the development of the embryo. The complex is also
necessary for the ventral neurons defective (Vnd) gradient expression that is also
necessary for the dorsal/ventral patterning of embryogenesis (71). Besides functioning in
embryogenesis, it was discovered that the Shn/Mad/Med complex is also necessary for
the repression of bam expression. This can be seen in the expression, rather than down
regulation, of bam under mutant Shn conditions. The sequence within the silencer
element in brk was compared to that found in bam, and they were similar enough to
suggest Shn acts alongside Mad/Med to bind a specific sequence (68). Interestingly, in
the ovary of the D. melanogaster, it is known that the BMP pathway and Shn/Mad/Med
are necessary in the germline stem cells to promote maintenance via the repression of
bam (45).
Schnurri as a Corepressor
Besides repressing brk, it was discovered that several domains within the Shn
protein have the ability to bind a variety of corepressor, acting synergistically and
redundantly (69). Shn protein contains domains for the D. melanogaster specific
repressors C-terminal binding protein (dCtBP), Groucho, Sin3A (dSin3A), and
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SMRTER. When the repressors or the corresponding Shn fragments were removed from
embryos, a reporter that would normally be repressed by Shn was expressed. This
suggests that the combination of Shn and corepressors were necessary for the proper
down regulation of Shn targets. Interestingly, when dCtBP, Sin3A, and SMRTER were
expressed with Shn, the repression of the target reporter was increased significantly,
demonstrating a redundancy in function. Besides the regions where Shn acted as a
repressor of gene transcription, there was also a domain in which Shn acted as an
activator, as previously mentioned. The recruitment of several corepressors to interact
with Shn provides a unique view into the way in which Shn might repress genes. By
having several corepressors, there is a chance that each corepressor functions
independently or together to overcome multiple enhancer elements of BMP pathway
targets. Conversely, Shn might be able to use a variety of corepressors in situations where
few are present in the cell to provide normal function. Ultimately, these findings suggest
that Shn has the ability to perform a variety of repressive bindings in order to fulfill its
necessary role in the BMP pathway (69).
How Schnurri Functions in the
Development of Drosophila
With mounting evidence that Shn was necessary for the proper functioning of the
BMP pathway throughout the process of embryogenesis, the processes that are disrupted
in the event of Shn, Tkv, Put, or Dpp mutations were explored. For the most part, the
phenotypes for all of the processes were similar. Interestingly, it was discovered that Shn
does not play a role in the development of the embryo until after gastrulation (66). The
major processes that the BMP pathway mediates is dorsal patterning and anteriorposterior (A/P) patterning (63-65, 67). When components of the BMP pathway, including
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Shn, are mutated the embryos become ventralized, because dorsal structures are unable to
properly develop. Similarly, there are defects in the formation of wing disc when
components of the BMP pathway are mutant, showing a defect in A/P patterning (67).
Besides Shn being necessary for the patterning of the developing fruit fly embryo, it is
also necessary in the development of the midgut, visceral mesoderm, and lateral ectoderm
(63-65).
As previously mentioned, Shn mutant embryos contain a dorsal-open phenotype,
where the organs of the developing embryo protrude from the failed dorsal closure. In
order to understand why there is a dorsal-open phenotype, it was hypothesized that the
cells that close the dorsal side, part of what is known as a leading edge, in the embryo are
typically protected by apoptosis. The c-Jun N-terminal kinase (JNK) pathway is involved
in the activation of a proapoptotic gene called Reaper. In wild-type embryos, it was found
that Reaper was not expressed in the leading edge of the embryo. In contrast, in Shn
mutant embryos, Reaper was indeed found in the leading edge, demonstrating the
necessity for Shn to repress Reaper function. The suppression of Reaper at the leading
edge by Shn, preventing apoptosis, allows for the JNK pathway to induce cell migration
in the dorsal epidermis. This differential function of JNK is seen when Reaper is
overexpressed in normal embryos, the cell migration is halted. With the proper
functioning of Shn to repress Reaper and JNK allowing for dorsal epidermis migration,
the dorsal side of the embryo develops normally (72).
Another important process in the development of the dorsal side of the fruit fly
embryo is the formation of the peripheral nervous system (PNS). During embryogenesis,
there are two phases of in which the BMP pathway function to regulate developmental

33
processes. One phase occurs during what is considered early development, while the
second occurs during later development, which is where the development of the PNS
occurs in the dorsal later region. During the second phase specifically, after gastrulation
occurs, Shn becomes a necessary regulator of the BMP pathway. In Shn mutant embryos,
the PNS of the dorsal lateral side of the embryo fails to develop. Since one of the
functions of Shn is to repress brk, brk was misexpressed in shn mutant embryos to
determine how Shn was regulating gene transcription. It was discovered that in these
flies, the dorsal lateral PNS was able to develop properly, thus rescuing the mutant
phenotype. This suggests that the development of the PNS is regulated by the suppression
of brk by Shn, because Brk likely acts to repress the genes normally necessary for PNS
formation (73). Ultimately, where the BMP pathway is necessary for embryogenesis after
gastrulation, Shn was found to also be necessary, demonstrating its requirement to
function in the BMP pathway.
The Schnurri Homolog Human Immunodeficiency Virus
Type I Enhancer Binding Protein 1
Though much is known about Shn in D. melanogaster embryonic development,
the implications of how Shn could function to affect higher level organisms, like humans,
has thus far remained undiscovered. The human homolog of the Shn protein is HIVEP1/PRDII/MBPI (63-65). MBP refers to major histocompatibility complex-binding
proteins. This homolog is a transcription factor that binds to the NF-κß-related sites in the
HIV-1 long terminal repeat of the genome to allow for activation of HIV-1 gene. NF-κß
activates gene expression in response to a variety of signaling pathways, including
pathways activated by viral proteins, cytokines, and mitogens. No other functional role of
PRDII/MBPI/HIV-EP1 has been demonstrated in humans (64).
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However, this does not necessarily rule out the possibility of other functions. It
was discovered that the role of Shn in the BMP pathway is highly conserved through a
variety of species, including Xenopus, humans and mice (74). Interestingly, when mutant
shn D. melanogaster embryos with a transgenic hShn1 (PRDII/MBPI/HIV-EP1) homolog
inserted, the mutant phenotype of the embryo was mostly rescued. This rescue occurred
even with a slight difference in sequence, suggesting there is a highly conserved
evolutionary mechanism that allows for response in the BMP pathway. Conversely, when
fruit fly shn is used in Xenopus mutant for the frog shn homolog, the fruit fly shn was
able to function similarly to the homolog by activating downstream BMP pathway
targets. With obvious species and slight sequence differences in the homologs of Shn,
there were limitations to how they could function in another species. The transgenic Shn
homologs were able to function in some instances to rescue mutant phenotypes, while
they were unable to function to rescue others. This was likely due to the difference in Shn
response based on cell, tissue, and promoter type (74). Two other Shn homologs, Shn-2
and Shn-3, exist in mammals. They are known to function in adipogenesis and regulation
of adult bone mass in mice, respectively (75, 76). Despite the transgenic limitations, the
fact that transgenic Shn could function in D. melanogaster and Xenopus provides
potential for Shn to have yet undiscovered functions in humans (74).
The Potential Function of Schnurri
in the Testis Niche
As previously mentioned, Shn is known to act in the cyst lineage cells of the D.
melanogaster testis niche to non-autonomously regulate the proliferation of TA
spermatogonia. Shn is necessary for the process of TA to cease and for the spermatogonia
cells to terminally differentiate into spermatocytes, that will eventually become sperm
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(36). Other functions of Shn within the testis niche have so far been unexplored,
providing ample opportunity for further experimentation to be done to understand how
Shn regulates processes within the testis niche. The hypothesis that we put forward is that
Shn is required in the cyst lineage cells as a master regulator of the differentiation
procress, therefore Shn is sufficient to promote differentiation of CySCs, while the
suppression of Shn is necessary for the self-renewal of CySCs.
The idea we propose is that the differential use of cofactors within the BMP
signaling pathway results in a transcriptional response that mediates the choice between
self-renewal and differentiation within the cyst lineage cells. Another repressive
transcription factor that acts within the cyst lineage cells to maintain CySCs is Zfh-1 (26).
Zfh-1 is known to directly act within CySCs to not only maintain their stem cell identity,
but to also provide a non-autonomous signal to GSCs to maintain their stem cell identity.
This non-autonomous regulation is similar to how Shn functions within the cyst lineage
cells. Of note, Zfh-1 is known to be a ZEB factor, which in vertebrates are known to
directly interact with Smads, also similar to Shn (26, 77). This information taken together
leads to a proposed theory that Shn acts to replace Zfh-1 as the binding partner to the RSmad, Mad, allowing for a change in gene targets of the BMP pathway. If correct, our
hypothesis may demonstrate a new molecular model in which the decision between selfrenewal vs. differentiation might be regulated in adult stem cell populations, with the
potential that this may reveal a conserved mechanism of stem cell regulation in higher
organisms, such as humans.
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CHAPTER II
METHODS AND MATERIALS
Fly Lines and Crosses
Table 2.1 Fly lines used.

The different fly lines used for the three aims of the experiment are listed in Table
2.1 (available at Bloomington Drosophila Stock Center). Fly lines 3, 4, 9, and 10 were
gifted by Dr. George Pyrowolakis from the University of Freiburg (68). Flies were
maintained at room temperature for general growth and expansion. The crosses
performed in each experiment are listed in Table 2.2. In all crosses, approximately 30
female virgin flies were crossed with approximately 30 male flies. Female virgin flies
were collected directly after eclosion, chosen based on pale body color and observation of
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abdominal meconium. Adult flies were removed and transferred to new bottles regularly
to create multiple cohorts within the cross and prevent contamination.
Table 2.2 Fly crosses made and lines utilized based on experiment type.

Immunofluorescence
Male F1 progeny of each cross were transferred to a CO2 pad, where they
remained anesthetized through the first step of dissection. In a one-hour session, coarse
dissections were performed in Ringers solution, with the genitalia, and gonads attached to
the most posterior abdominal exoskeleton segment. After the one-hour dissection,
samples were fixed in 4% formaldehyde in Buffer B (75 mM KCL, 25 mM NaCL, 3.3
mM MgCl2 16.7 mM KPO4) and 0.02% Triton X-100. Samples were blocked for one
hour in 4% NDS in PBTx (PBTx: 1X PBS with 0.1% Triton X-100), then incubated
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overnight at 4oC in in primary antibody solutions (diluted in blocking solution).
Following the primary antibody, samples were washed in PBTx, then incubated for one
hour in secondary antibody (diluted in blocking solution). The primary antibodies used
directly labeled specified proteins, while the secondary antibodies bind to the primary
antibody and express a fluorophore that can be visualized via microscopy. Hoechst 33342
staining (1 μg/ml, Sigma) was performed to stain DNA, then samples were washed,
equilibrated in 50% glycerol/50% Ringers solution, and mounted on slides in 90%
glycerol, 1X PBS, with N-propyl gallate as an anti-bleaching agent. Slides were imaged
within one month.
To label cells in S phase, the Click-It Alexa 647 EdU labeling kit was utilized
(Molecular Probes, C10340). Samples were coarse dissected in 10-minute sessions, then
incubated in the thymidine analog EdU (10 mM) in Ringers. The staining process
remained the same until after the Hoechst staining. From there, a reaction cocktail
containing 647 azide was created according to the manufacterer’s directions, and used to
visualize the EdU. Samples were placed in 50% glycerol/50% Ringers solution, then
mounted on a slide.
Antibodies Used
The antibodies utilized for the experiments are listed in Table 2.3 and 2.4.
Commonly used primary antibodies were maintained in the refrigerator at 4oC, while
secondary antibodies were diluted in glycerol 1:1 and kept in the freezer at -20oC.
Primary and secondary antibody mixes were diluted in blocking solution and maintained
in the refrigerator at 1.6oC. Chick α GFP antibody was maintained in the freezer at -20
oC.

39
Table 2.3 Primary antibody information.
Primary Antibody
rabbit α GFP
chick α GFP
mouse α
galactosidase
rat α E-cadherin
mouse α fasciclin 3
goat α vasa
rabbit α vasa
guinea pig α traffic
jam
rabbit α zfh-1
mouse α Eya

Used to Stain
varies
varies
varies

Dilution
1:1000
1:1000
1:1000

hub, junctions
between cyst cells
hub

1:20

germline cells
germline cells
cyst lineage cells
CySCs
differentiating
cyst lineage cells

Source
Invitrogen Molecular Probes
Invitrogen Molecular Probes
Promega

Developmental Studies
Hybridoma Bank
1:50
Developmental Studies
Hybridoma Bank, developed
by C. Goodman (78)
1:300
Santa Cruz Biotechnology
1:200
Santa Cruz Biotechnology
1:10,000 Gift from Dorothea Godt (79)
1:100
1:20

Gift from Ruth Lehmann
Developmental Studies
Hybridoma Bank

Table 2.4 Secondary antibody information.

Imaging and Analysis
Prepared slides were imaged using a Zeiss 700 confocal microscope and Zen
software. For each testis, 51 Z-stacks were imaged to allow for full visualization of the
sample. Fiji imaging suite was used to analyze the images. Fiji is a version of ImageJ that
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was developed to include a multitude of plugins necessary for different types of analysis
(https://imagej.net/Fiji). CySCs were tallied in testes stained with Zfh-1. The criteria we
used for CySCs was that it had to be a non-hub cell within two germ cell diameters of the
hub. Images stained with the tj antibody were used to quantitate cyst lineage cells. A
macro for Fiji was created by a fellow graduate student, Bryan Johnson, to allow for the
program to perform the cell counting. In Fiji, each laser found in the Zeiss 700 confocal
microscope was given a channel name, and each channel represented a specific antibody,
depending on the experiment. When activated, the macro updated the brightness of each
channel according to entered specifications, utilized a 3D object counter for the channel
in question in reference to a minimum brightness threshold, and provided a composite in
which the numbered objects could be seen. For example, if channel 3 was utilized to
examine cells that were Zfh-1+ and we wanted to tally the number of Zfh-1+ cells, the
3D object counter would count cells that were brighter than a specified threshold. Each
testis was also manually checked for cell counting errors.
A two-tailed, type 2 Student t-test was utilized to determine the statistical
difference between the experimental and control groups. Statistical significance was
defined as P<0.05. For each replicate of the experiments, t-tests were performed to
determine if the results were consistent. When the data was combined to create one
experimental and one control group, statistical differences were again calculated. Data
was plotted in box-and-whisker plots that show: upper extreme, upper quartile, median,
lower quartile, lower extreme, and the outliers as single dots (80).
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Expression Patterns
The flies utilized for determining the expression of shn are 6-8 of Table 1. The
flies utilized to determine the expression of the shn repression target brk are 9-10. Fly
lines 7-10 were stained directly with anti-beta-galactosidase antibody. The Shn-GFP fly
lines contains a Shn-GFP fusion protein created on a bacterial artificial chromosome
(BAC) clone, which was then inserted into a fly. This line was stained with an anti-GFP
antibody. The fly lines 7-10 are LacZ enhancer traps that should report the expression of
shn or brk. When flies were able to be directly stained, male flies were collected directly
from the maintained stock, dissected and stained accordingly.
Male w;PBac[w+Gal4)Shn0571-G4/CyO flies were crossed to virgin females of
genotype ywhsflip;UAS GFP (nls)/CyO. This cross utilized the UAS/Gal4 system to
induce Gal4 where shn is expressed, leading to the activation of UAS driven GFP (81).
The antibodies used for the shn GFP flies and GFP crossed flies were GFP to
label shn, fas3 to label the hub, vasa to label the germline cells, and traffic jam (tj) to
label the cyst lineage cells. The antibodies used for the LacZ enhancer trap flies were ßgalactosidase to label shn, E-cadherin to label the hub, vasa to label the germline cells,
and tj to label the cyst lineage cells. Samples were imaged using a Zeiss 700 confocal
microscope and analyzed to determine where shn and brk are expressed in the testis.
Loss of Function
To induce Shn RNAi in cyst lineage cells, virgin c587 gal4 females were crossed
to male y,v; UAS Shn RNAi. The c587 gal4 line turns on Gal4 protein specifically in the
cyst lineage cells (82). The shn RNAi transgenic line was created as part of the
Drosophila Transgenic RNAi project (TRiP) at Harvard Medical School, and RNAi lines

42
were validated using RT-qPCR and phenotypic analyses (82). The c587 driver expresses
Gal4 in the CySC and cyst lineage cells of the testis, follicle stem cells, subsets of follicle
cells, and inner sheath cells of the ovary (83). The UAS/gal4 system utilizes the gal4
transcription factor that activates the UAS promoter in front of a target gene (81). In this
case, the target gene is a hairpin Shn transcript that creates a double stranded shn RNA,
inducing the degradation of endogenous shn mRNA. The control flies used for this
experiment were produced by virgin c587 gal4 females crossed to canton S flies. After
eclosion, male and female progeny were collected, transferred to vials, and placed in the
29oC incubator for 8 days or 12 days. While in the incubator, flies were transferred to
new food every 4-5 days to prevent contamination with the F2 progeny of the cross. After
the aging period, male progeny were collected, dissected, and immunostained.
For each time point, two separate stains were performed,and each cross and stain
were performed at least two times independently. The first stain performed was to
determine CySC number and Eya expression. The antibodies utilized were Eya to label
differentiated cyst lineage cells, zfh-1 to label CySCs, and E-cadherin to label the hub.
The second staining method was used to look at dividing cells. The Click-It Alexa
647 EdU labeling kit was used to label EdU cells in S phase. The antibody stains used
were tj for the cyst lineage cells, fas3 for the hub, and vasa for the germline cells.
Samples were imaged using confocal microscopy and analyzed to determine how the loss
of shn effects the testis architecture.
Gain of Function
In order to misexpress Shn in the cyst lineage cells, virgin c587 gal4 females were
crossed to either UAS Shn/Tm3 or UAS Shn/CyO (81). UAS Shn/Tm3 and UAS
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Shn/CyO are two independently isolated transgenic lines which both misexpress shn
under the regulation of Gal4. UAS Shn/Tm3 is inserted on chromosome 3, while UAS
Shn/Cyo is inserted on chromosome 2. Similar to the loss of function experiment, control
flies were produced by a cross of virgin c587 gal4 females to male canton S flies. The
crosses were performed at room temperature. After the cross progeny eclosed, male and
female progeny were collected, transferred to vials, and placed in the 29oC incubator for
8 days or 12 days, with regular transfer to new food vials. Once the flies had completed
the aging period, male progeny were collected, dissected, and stained.
For each time point, two separate stains were performed, similar to the loss of
function experiments. The first stain performed was to determine CySC number and Eya
expression. The antibodies utilized were Eya to label differentiated cyst lineage cells, zfh1 to label CySCs, and E-cadherin to label the hub.
The second staining method was used to look at dividing cells. The Click-It Alexa
647 EdU labeling kit was used to label EdU cells in S phase. The antibody stains used
were tj for the cyst lineage cells, fas3 for the hub, and vasa for the germline cells.
Samples were imaged using confocal microscopy and analyzed to determine how the
misexpression of shn affects the testis architecture.
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CHAPTER III
DATA
Understanding Schnurri: Hypotheses and Aims
Schnurri is known to be necessary for many aspects of the development of the
Drosophila embryo, but its role in the testis niche has thus far been mostly unexplored. It
is known that shn is required in the cyst lineage cells to allow for nonautonomous
regulation of the spermatogonia as they undergo transit amplification. When shn is lost,
the spermatogonia continue to divide and overproliferate, before they eventually undergo
apoptosis (36). However, this is the only known requirement of shn in the testis. Because
shn is known to act within the cyst lineage cells, we question whether shn is also
involved in earlier processes of the cyst lineage. The hypothesis that we put forward is:
H1

Shn is required in the cyst lineage cells as a master regulator of the
differentiation procress, therefore Shn is sufficient to promote
differentiation of CySCs, while the suppression of Shn is necessary for the
self-renewal of CySCs.

To test the hypothesis that Shn is a master regulator of the differentiation process
in the cyst lineage, we have three aims:
A1

To confirm the expression pattern of Shn within the testis niche.

A2

Determine the phenotype of Shn loss within the cyst lineage cells.

A3

Determine whether Shn is sufficient to promote CySC differentiation
through gain of function experiments.

As previously described, shn was found to be expressed in the nuclei of all cells
within the testis niche. However, this expression pattern was only crudely characterized.
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With growing advances in technology, we have better tools in which we can use to
demonstrate the expression pattern of shn. To understand completely where Shn is
located within the niche, where shn is expressed with be examined and the repressed
target of shn, brk, will also be determined. With previous research in mind, we
hypothesize that Shn will be expressed in the GSCs, differentiating germline cells, and
the cyst lineage cells, but not in CySCs. Conversely, we hypothesized that the expression
of brk will be found only in CySCs.
In order to understand how the loss of Shn affects the cyst lineage cells, Shn
inhibition will be induced in adult fruit flies using the RNAi system. Shn is lethal in the
embryos, so the loss of Shn will need to be induced after maturation in the adult flies. A
shn dsRNA transgene will be expressed in the cyst lineage cells of the testis via the
UAS/Gal4 system, ablating most of the Shn protein (81). We hypothesized that in the
absence of Shn, CySCs will fail to differentiate into cyst lineage cells, resulting in an
excess of CySCs that are maintained within the testis niche.
Conversely, to demonstrate the effects of Shn being present when it should
normally not be in the cyst lineage cells, the UAS/Gal4 system will be used to misexpress
shn within the cyst lineage cells (81). Because we hypothesized that Shn is sufficient to
promote differentiation of CySCs, the hypothesized results for this experiment would be
a decrease in the number of CySCs due to a forced loss of the stem cell population.
Expression Pattern of Schnurri and Brinker
To understand how Shn functions in the cyst lineage of the D. melanogaster
testis, it is important to understand where it is expressed in the testis niche. The published
study from Matunis, et al. (1997) with a less-sensitive immunocytochemistry stain
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showed shn expression found in the nuclei of all cells in the testis (36). We hypothesized
that:
H2

Schnurri would be expressed in most cells of the testis, but specifically
repressed in the CySCs.

Schnurri LacZ Enhancer
Trap Expression
Antibodies against Shn are not available, and in situ hybridization does not work
well in the testis. Therefore, we used four different available reporter lines to determine
where shn is expressed. First, we used two independent enhancer trap lines (P[Pz]Shn04738
and P[w+LacW]Shnk401) in which a transgene with the lacZ gene under the control of a
basal promoter was inserted into the genome near the shn gene. The lacZ transgene is
expected to come under the control of shn enhancers, thus replicating the expression
pattern of the endogenous shn gene.
The antibody stains of the lacZ enhancer trap lines are shown in Figure 3.1A-B. In
A and B, the hub was stained with E-cadherin in white, and marked with an asterisk.
Germline cells were stained with vasa (white) and cyst lineage cells were stained with Tj
(magenta). CySCs are the first ring of Tj cells adjacent to the hub. ß-galactosidase is
shown in green in Figure 3.1A and B, and in white in A’ and B’, which reports the
expression of endogenous shn. Our stains showed that ß-galactosidase does not
accumulate in the CySCs, while it is expressed in the other cell populations of the testis.
In Figure 3.1A and B, arrowheads mark Tj-positive CySC nuclei where ß-galactosidase
does not accumulate (clearly observed in A’ and B’, which shows beta-galactosidase
alone), while arrows mark differentiating Tj-positive cyst cells, which do accumulate ß-
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galactosidase. ß-galactosidase also accumulated in the germline and hub cell populations,
consistent with Matunis, et al.’s results (36).
Schnurri GFP Expression
Next, we used a fly line in which a shn-GFP fusion protein was created on a BAC
clone, that was then inserted into a fly. We stained the Shn-GFP fusion protein with an
anti-GFP antibody (Figure 3.1C and C’ ). The GFP stain is seen in green in Figure 3.1C,
and in white in Figure 3.1C’. Tj (magenta) is used to stain the cyst lineage cells, while the
hub is stained with fas3 in white, and marked with an asterisk. The arrowheads label the
CySCs, while the arrows label the cyst lineage cells. The GFP stain is present in all of the
cells within the testis, but in this line was not repressed in the CySCs, as we observed
with the lacZ enhancer trap lines.

Figure 3.1. Shn expression reporter lines show Shn is absent in the CySCs.
Two separate Shn lacZ reporter lines were stained; P[Pz]Shn04738 seen in A and A’,
and P[w+LacW]Shnk401 in B and B’. Shn-GFP fusion protein line is in C and C’. The
staining shows: ß-galactosidase in A and B (green), A’ and B’ (white); GFP (green in
C, white in C’). Cyst lineage cells are marked with Tj (magenta in A, B, and C),
germline cells are marked with Vasa (white in A and B), and hub is marked with E-cad
(white A and B) or Fas3 (C). lacZ is expressed in the GSCs, spermatogonia, and cyst
lineage, but not the CySCs in both enhancer trap lines. GFP accumulates in all cells of
the testes in the shn-GFP line. The asterisk indicates the hub, arrowheads indicate
CySCs, and arrows indicate cyst lineage cells.
The fourth line we stained was another enhancer trap line, but this line had the
Gal4 transcriptional activator gene inserted near the endogenous shn gene. This Gal4 line
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was crossed to UAS GFP, and GFP should have reported the expression pattern of the
shn gene (84). However, GFP did not accumulate in any of the cells within the testis, thus
the results for this line were inconclusive.
Brinker LacZ Enhancer
Trap Expression
Besides staining for shn, the expression pattern of the shn target, brk, was
explored. Because Shn typically functions to repress brk, it is hypothesized that brk will
be present where shn is not. Brk lacZ enhancer trap lines were utilized to replicate the
expression of endogenous brk.
Figure 3.2A-B’ show the expression of brk in two Brk LacZ enhancer trap lines
(X47(PlacZ(ry+) (brk enhancer trap) and brkB14-lacZ). In A and B, the hub is labeled
with E-cadherin (white, marked with an asterisk), the germline cells are labeled by vasa
(white), and the cyst lineage cells are labeled by Tj (magenta). ß-galactosidae is utilized
to visualize the expression of brk (green in A and B, white in A’ and B’). CySCs are
indicated by the arrowheads and are located adjacent to the hub in the first ring of Tjpositive cells. Arrows indicate Tj-positive differentiating cyst lineage cells. The region of
the testis surrounding the hub were enlarged in each panel to allow for visualization of
the ß-galactosidase stain.
In Figure 3.2A and A’, the staining of the first brk lacZ enhancer trap line
(X47(PlacZ(ry+)), shows ß-galactosidase in the hub, in CySCs, and absent in the cyst
lineage cells. The arrowheads indicate CySCs that express ß-galactosidase next to a GSC
that does not express ß-galactosidase. In comparison, Figure 3.2B and B’ show the
staining of the second brk lacZ enhancer trap line (brkB14-lacZ). In this stain, ß-
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galactosidase is present in the hub of the testis, while it is present in low levels or absent
in the CySCs. ß-galactosidase does not appear to be expressed in the cyst cells.

Figure 3.2. Brk-lacZ is expressed in the hub and CySCs of the testis.
Brk expression pattern is visualized through two lacZ enhancer trap lines,
X47(PlacZ(ry+) (brk enhancer trap) (A and A’) and brkB14-lacZ (B and B’).
Staining shows ß-galactosidase (green) in A and B, white in A’ and B’. Ecadherin labels the hub (white), Vasa labels the germline (white), and Tj labels the
cyst lineage (magenta). In panels A-A’, it is shown that ß-galactosidase is present
in the hub and CySCs, but not in the GSCs, spermatogonia, or cyst lineage cells.
In panels B-B’, ß-galactosidase accumulates in the hub. The hub is indicated by
the asterisk, arrowheads indicate CySCs, and arrows indicate cyst lineage cells.
Taken together, the results of the shn and brk expression pattern staining show
that shn is likely expressed in all of the cell populations of the testis except for CySCs.
Although only two of the three reporter lines gave this result, it is commonly found that
some enhancer trap lines do not exactly recapitulate the expression pattern of the gene
they are inserted near to. This could be due to proximity to one enhancer element, but not
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another (85). Conversely, the brk reporter showed expression in the hub and CySCs.
Since Shn typically represses brk, this provides further evidence that shn is repressed in
CySCs, supporting our hypothesis.
Ablation of Schnurri in the Cyst Lineage
Leads to Increased Cyst Stem Cells
Next we asked how shn functions within the cyst lineage of the testis. Although a
clear requirement for Shn has been demonstrated in the cyst cells, in order for them to
promote the spermatogonial to spermatocyte transition, it is unclear whether Shn protein
is required to promote the differentiation of the cyst lineage at earlier differentiation
stages (36). To address this question, we inhibited shn by expression of an RNAi
transgene in the cyst lineage using the UAS/Gal4 system (81).
Tissue-specific Gal4 was produced in cyst lineage to bind to the UAS promoter in
front of a construct that would result in expression of a shn dsRNA. This should lead to
the degradation of most endogenous shn mRNA within the cyst lineage cells. The
hypothesis that we put forward is:
H3

Shn is necessary for the differentiation of CySCs, so the loss of shn would
result in accumulation of excess CySCs.

C587 gal4 UAS Shn RNAi flies (experimental) and c587 gal4 driver only
(control) flies were aged for 8 and 12 days in 29oC, where the UAS/Gal4 is actively
functioning. After the aging period, flies were dissected and analyzed. Zfh-1-positive
cells that were not part of the hub, and were within two germ cell diameters of the hub
were designated CySCs, were counted to determine if there was any significant
difference. We counted the number of Zfh-1-positive cells per testis in control and
experimental samples. For flies aged for 8 days and 12 days, there was a significant

51
increase in the number of CySCs found in shn RNAi testes. First the results of flies aged
for 8 days will be discussed, followed by the results seen for flies aged for 12 days.

Figure 3.3. Ablation of Shn leads to increased CySCs.
Panel A shows a UAS Shn RNAi testis from a fly aged for 8 days where there is an
increase in CySCs. E-cadherin labels the hub (white, labeled by asterisks), Zfh-1
labels the CySCs (magenta), and Eya labels the late-stage cyst lineage cells (green).
Panel C and D show UAS Shn RNAi testes from flies aged for 12 days. Panel C is a
testis with a modest increase of CySCs, while panel D shows a testis with a severe
phenotype (100+ CySCs). Panel B and E show c587 driver (control) testis.
In flies aged 8 days, there appeared to be more CySCs in shn RNAi testes (Fig.
3.3A). Figure 6A shows a shn RNAi testis where there are more CySCs surrounding the
hub in comparison to the control testis seen in Figure 3.3B. In Figure 3.3A and B, Ecadherin labels the hub (white, indicated by the asterisk), Zfh-1 labels the CySCs
(magenta), and Eya labels early-staged cyst lineage cells weakly and late-stage cyst
lineage cells brightly (green). This data is quantifified and represented in Figure 3.4A as
box-and-whisker plots. Three replicates were performed (indicated in the key as R1, R2,
and R2) and are seen from left to right as Replicate 1 experimental plot and control plot,
Replicate 2 experimental plot and control plot, and Replicate 3 experimental plot and
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control plot. The shn RNAi (experimental) quantifications are visualized in blue, while
the c587 driver (control) quantifications are visualized in purple.
A two-tailed student t-test was utilized throughout all experiments to determine if
there was significant difference between experimental and control CySC numbers. Two
of the three replicates were stastically significant (indicated by the asterisks) (R1 P =
0.014, R2 P = 0.130, R3 P = 0.002). Though one experimental replicate was not
significantly different then the control replicate, a pattern emerged in which there were
more CySCs found in shn RNAi flies compared to control flies (Fig. 3.4A).
Interestingtly, in 7 of the 76 testes, there were more than 40 CySCs, which we defined as
a severe phenotype, because it is two times the normal amount of CySCs expected in the
testis niche (5, 21).
Figure 3.5 provides a visualization of the combined data of flies aged for 8 days
from the three replicates in the two box-and-whisker plots seen on the left. The shn RNAi
results are in blue, while the control is seen in purple. Statistical significance is indicated
by the asterisk. With the data combined, it was confirmed the number of CySCs was
significantly increased in the UAS Shn RNAi flies (P = 4.83x10-5, Fig. 8).
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Figure 3.4. Quantified data, seen in replicates, shows the ablation of Shn results lead
to an increase in the number of CySCs.
The number of CySCs in UAS Shn RNAi (experimental) and c587 driver (control)
flies was quantified, then graphed in box-and-whisker plots. Experimental data is seen
in blue, while control data is seen in purple. Panel A represents the data collected for
flies aged 8 days. There are three replicates, indicated by R1, R2, and R2, seen left to
right. Replicate 1 and Replicate 2 were statistically significant. Panel B represents the
data collected from the flies aged for 12 days. Similarly, there were three replicates
(R1, R2, and R3) that are visualized left to right. Replicate 3 showed statistical
significance. The asterisks indicate statistical significance between experimental and
control groups.
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Figure 3.5. Combined quantified data shows the ablation of Shn results in an increase
in the number of CySCs.
The graph shows the box-and-whiskers plot of the combined experimental and
control data from flies aged for 8 and 12 days. The two box-and-whisker plots on the
left represent the combined data for flies aged for 8 days, while the two plots on the
right represent the combined data for flies aged for 12 days. Experimental data is
seen in blue, while control data is seen in purple. In flies aged for 8 days and 12
days, there was a significant increase in the number of CySCs. The asterisks indicate
statistical significance between experimental and control groups.
Similarly, in flies aged 12 days, there was also an increase in the number of
CySCs (Figure 6C-E). Figure 3.3C-E shows two shn RNAi testes and a control testis. Ecadherin labels the hub (white, indicated by the asterisk), Zfh-1 labels the CySCs
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(magenta), and Eya labels early-staged cyst cells weakly and late-stage cyst cells brightly
(green). Figure 3.3C and D represent two shn RNAi testes, Figure 3.3C being a testis that
represents majority of the phenotypes seen, while D shows a testis with a severe
phenotype. In both shn RNAi testes, there is an increase in the number of CySCs seen
around the hub. In Figure 3.3D, the CySCs appear to be the only cell type within the
testis. Figure 3.3E shows a wild-type testis with the normal amount of CySCs
surrounding the hub. In 7 of the 71 testes, the testis was full of zfh-1+ CySCs (defined as
testis containing more than 100 CySCs).
Three replicates were performed and CySCs numbers were counted to confirm the
findings. Figure 3.4B shows box-and-whisker plots of the three replicate (indicated as
R1, R2, and R3 in the key). The shn RNAi (experimental) data is seen in blue, while the
control data is seen in purple. Similar to the graph in Figure 3.4A, the replicates are seen
left to right (experimental, control, etc.). Like the replicates aged 8 days, two replicates
were not significantly different (Fig. 3.4B), though it followed the pattern in which there
were more CySCs in the UAS Shn RNAi flies compared to the control flies (R1 P =
0.104, R2 P = 0.179, R3 P = 0.0007). In Figure 3.4C, the combined data of the three
replicates are visualized in the box-and-whisker plot on the right. The shn RNAi data is
seen in blue and the control data is seen in purple. With the data was combined, it was
found that there was a significant increase in the number of CySCs in the shn RNAi flies
aged to 12 days (P = 7.11x10-5, Fig. 8).
In summary, when shn RNAi was induced to remove most endogenous shn within
the cyst lineage cells, there was a significant increase in the number of CySCs maintained
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in the testis (Fig. 3.4A-B, Fig. 3.5). These findings support our hypothesis that shn is
necessary for the differentiation of CySCs into cyst lineage cells.
Schnurri Ablation Leads to an Increase
in the Number of Traffic Jam+ cells
With the increase in the number of CySCs in UAS Shn RNAi flies, exploring how
the entire cyst lineage is affected is important in understanding how shn functions. In the
following experiments, we utilize Tj to label the entire cyst lineage, including the CySCs
and differentiating cyst lineage cells. We hypothesized that:
H4

Because CySCs are being maintained and not differentiating, there will be
an increase in the number of Tj+ cyst lineage cells due to the increase in
the number of CySCs. The increased number of CySCs might counteract a
possible decrease in the number of differentiating cyst lineage cells.

UAS Shn RNAi and c587 gal4 driver flies were aged to 8 and 12 days in 29oC,
dissected, and analyzed. The number of Tj+ cells were counted to determine if there was
any significant difference. In the flies that were aged for 8 days, there was a significant
increase in the number of Tj+ cells found within the testis. In contrast, the flies aged for
12 days provided inconclusive results.
In flies that were aged for 8 days, two replicates were performed to confirm the
findings. Figure 3.6A and A’ show a shn RNAi testis from one of the sample groups.
Figure 3.6B shows a c587 Gal4 driver (control) testis. Fas3 labels the hub (white,
indicated by the asterisk), vasa labels the germline cells (magenta), and Tj labels the cyst
lineage cells (green). In this stain, EdU was also utilized to visualize cells that are in S
phase, and thus committed to dividing. At 8 days, there was an increase in the number of
Tj+ cells surrounding the hub compared to control testes (Fig. 3.6A-B and Fig. 3.7A).
Figure 3.6A’ also shows a cyst of dividing cells containing more than the normal 16

57
interconnected spermatogonia (arrow). This finding was reported by Matunis, et al.
(1997), suggesting that our UAS Shn RNAi experiment is in fact knocking down shn
(36).

Figure 3.6. Shn ablation leads to an increase in the number of Tj+ cells.
In flies aged for 8 days, there is an increase in the number of Tj+ cells seen in the UAS
Shn RNAi tests (A-A’). Fas3 labeles the hub (white), vasa labels the germline cells
(magenta), and Tj labels the cyst lineage cells (green). Also in white is EdU staining,
which indicates cells in S phase. Panel A shows a testis with an increase in the number
of Tj+ cells. A’ shows another z-stack of the testis seen in A, where there is a group of
more than 16 spermatogonia undergoing DNA replication for cell division (arrow).
Panel B shows a c587 driver testis.
The data collected for shn RNAi flies aged for 8 days can be seen in Figure 3.7A
and B as box-and-whisker plots. Figure 3.7A shows the data collected from two
replicates (indicated by R1 and R2 in the key). On the left is data from replicate 1, while
on the right is data from replicate 2. Shn RNAi quantifications are seen in blue, while
control data is seen in purple. Quantifications of the number of Tj+ cells show that there
is a pattern in which there are more Tj+ cells in UAS Shn RNAi testes, however, one
replicate shows insignificant difference (R1 P = 0.014, R2 P = 0.734, Fig. 3.7A). Figure
3.7B shows the combined data collected for flies aged to 8 days. In blue is the shn RNAi
data and in purple is the control data. When the Tj+ cell counts for flies aged to 8 days
were combined, it was confirmed that there was a significant increase in the number of
Tj+ cells when shn was ablated in the cyst lineage cells (P = 0.039, Fig. 3.7B).
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Figure 3.7. Quantifications show that ablation of Shn leads to an increase in the number
of Tj+ cells.
The number of Tj+ cells was quantified in UAS Shn RNAi flies aged for 8 days. After
analysis, the data was visualized in bow-and-whisker plots. In blue, the UAS Shn RNAi
data is shown, while in purple, c587 driver data is seen. Panel A shows the data from two
samples of flies aged for 8 days. Sample 1 is shown to be significantly different, with an
increase in the number of Tj+ cells. Panel B shows the combined Tj+ cell counts, where
there is a significant increase in the number of Tj+ cells in the UAS Shn RNAi flies.
Statistical significance is indicated by asterisks.
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Figure 3.8. There is no difference in the number of EdU+ Tj+ cells found in UAS Shn
RNAi testes.
To understand why there was an increase in the number of CySCs, EdU staining was
performed to label cells in S phase. The bar on the left represents the shn RNAi
(experimental) data, while the bar on the right represents the c587 driver (control)
data. In total, 20 testes were analyzed for experimental and control. Within the bars,
pink represents the number of testes out of 20 that contain no EdU+Tj+ cells.
Conversely, blue represents the number of testes out of 20 that contain EdU+Tj+
cells. There was no significant difference in the fraction of Edu+Tj+ cells seen in the
experimental testes compared to the control testes.
In order to test whether the increase in the number of CySCs was due to an
increase in stem cell division, we labeled cells in S phase with EdU. The number of testes
containing EdU+ Tj+ cells was tallied. EdU staining labels cells in S phase by inserting
EdU in replacement of thymidine during DNA replication, which can then be
fluorescently labeled by azide through covalent interactions (86). In wild-type testis,
CySCs are the only cells able to divide to replenish and maintain the cyst lineage cell
population. Figure 3.8 shows the number of testes containing EdU+ Tj+ cells in UAS Shn
flies aged for 8 days. The data for shn RNAi is in the bar on the left, while the control
data is represented in the bar on the left. Each bar shows data collected from 20 testes.
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Within either bar, the pink indicates the number of testes out of 20 where there are no
EdU+ Tj+ cells present and the blue indicates the number of testes out of 20 where EdU+
Tj+ cells are present. We found no difference in the fraction of testes containing EdU+
Tj+ cells between control and shn RNAi testes, suggesting the difference in number of
Tj+ cyst lineage cells are not due to an increase or decrease in division rate of CySCs
(Fig. 3.8).
Taken together, these findings confirm the increase in CySCs by the use of a
different stain, and show that the division rate does not change when shn is inhibited.
These findings suggest that though shn is required for the differentiation of CySCs, it
does not directly affect the ability of CySCs to continue proliferation.
Misexpression of Schnurri in the Cyst
Lineage Leads to a Decrease
in Cyst Stem Cells
Since shn is repressed in the CySCs, we hypothesized:
H5

Repression is required in order for them to be maintained as stem cells,
and misexpression of shn would be sufficient to drive their differentiation.

To test this hypothesis, we misexpressed shn in CySCs with the UAS/Gal4
system. Tissue-specific Gal4 was induced to bind to a UAS promoter in front of Shn (81).
This allowed for constant production of shn in all cyst lineage cells, including CySCs,
where shn is normally repressed. Two versions of UAS Shn, balanced on different
chromosomes, were tested, and since both lines showed a similar phenotype, only one of
the lines was chosen to analyze (UAS Shn/Tm3).
C587 Gal4 UAS shn and c587 Gal4 (control) flies were aged for 8 or 12 days at
29oC, dissected, and analyzed. The number of CySCs were quantified by counting Zfh-1positive cells that were not part of the hub, and were within two germ cell diameters of
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the hub. In UAS shn flies aged for 8 days, there was a significant decrease in the number
of CySCs. Conversely, in UAS shn flies aged for 12 days, there was no difference in the
number of CySCs
Figure 3.9A and B show a UAS shn testis and a c587 driver (control) testis,
respectively. E-cadherin labels the hub (white, indicated by the asterisk), Zfh-1 labels the
CySCs (magenta), and Eya labels late-stage cyst cells brightly. For flies aged for 8 days,
there appeared to be fewer CySCs in the UAS shn testis when compared to the control
testis (Fig. 3.9A and B). To confirm this observation, two sample groups were analyzed
for the number of CySCs.

Figure 3.9. Misexpression of Shn leads to decreased CySCs in flies aged for 8 days.
In flies aged for 8 days, there is a decrease in the number of CySCs around the hub
(A-B). E-cadherin labels the hub (white), Zfh-1 labels the CySCs (magenta), and Eya
labels late-stage cyst lineage cells (green). Conversely, in flies aged for 12 days, there
is no significant difference in the number of CySCs seen surrounding the hub. The hub
is indicated by the asterisks.
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Figure 3.10. Quantifications of replicates show a decrease in the number of CySCs in
UAS shn flies aged for 8 days, but not 12 days.
The number of CySCs for flies aged for 8 days is seen in panel A. Two replicates are
represented (indicated by R1 and R2), shown left to right. Results show a decrease in
the number of CySCs in experimental testis. In flies aged for 12 days, the quantified
number of CySCs is seen in panel B. Similarly, there are two replicate (R1 and R2),
seen left to right). Interestingly, results show that there is no significant difference in the
number of CySCs. UAS shn (experimental) data is seen in blue, while c587 driver
(control) data is seen in purple. Statistical significance is indicated by asterisks.
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Figure 3.11. Combined quantifications show a decrease in the number of CySCs in
UAS shn flies aged for 8 days, but not 12 days..
Combined quantifications are shown in box-and-whisker plots. Data for flies aged to
8 days is seen on the left, while flies aged for 12 days is seen on the right. UAS shn
(experimental) data is seen in blue, while c587 driver (control) data is seen in purple.
It is confirmed that there is fewer CySCs found in UAS shn flies aged for 8 days,
while there is no difference in flies aged for 12 days. Statistical significance is
indicated by asterisks.
The quantified data of the UAS shn flies aged for day 8 are visualized in Figure
3.10A using box-and-whisker plots. The two replicates are indicated by R1 and R2 and
appear left to right. UAS shn (experimental) data is seen in blue, while c587 driver
(control) data is seen in purple. Similar to the UAS Shn RNAi experiments, a pattern
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appeared in which there were fewer CySCs in UAS shn flies. One sample was found to
be insignificant, while the other was found to be significant (R1 P = 0.0001, R2 P =
0.197, Fig. 3.10A). Figure 3.11 shows the combined data of UAS shn flies aged for 8
days on the left, also in box-and-whisker plots, with experimental data in blue and control
data in purple. When the data was combined, it was determined that there were
significantly fewer CySCs in UAS Shn flies at 8 days aging (P = 0.0014, Fig. 3.11).
Figure 3.9C shows a UAS shn testis aged for 12 days, while Figure 3.9D shows a
control testis. E-cadherin labels the hub (white, indicated by the asterisk), Zfh-1 labels the
CySCs (magenta), and Eya labels late-stage cyst lineage cells brightly. Interestingly, in
UAS Shn flies aged to 12 days, there appeared to be no or little difference in the number
of CySCs. Figure 3.10B shows the quantified data of two replicates for UAS shn flies
aged for 12 days in box-and-whisker plots. Replicate 1 (R1) is seen on the left and
replicate 2 (R2) is seen on the right. UAS shn (experimental) data is seen in blue, while
c587 driver (control) data is seen in purple. Analysis shows that there is no significant
difference in CySC numbers when UAS shn and control data is compared (R1 P = 0.983,
R2 P = 0.845, Fig. 3.10B). Figure 3.11 shows the combined data on the right. The
experimental data is in blue and the control data is in purple. The lack of difference in
CySC counts is further confirmed when the data is combined and no significance is found
(P = 0.912, Fig. 3.11).
The significant difference in the UAS Shn flies aged to 8 days supports our
hypothesis that Shn functions in the differentiation process of CySCs. However, the
findings in the flies aged to 12 days does not support our hypothesis. These findings
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suggest that there is a difference in the ability of CySCs to differentiate under the UAS
Shn misexpression conditions based on time exposed to the UAS/Gal4 conditions.
Misexpression of Schnurri Leads to an
Increase in the Number of
Traffic Jam+ cells
After discovering the affects of the misexpression of shn on CySCs, the next step
in understanding the requirement of shn in the testis was to look at the effect on the
number of Tj+ cells. As previously mentioned, Tj staining labels the cells of the cyst
lineage, which includes CySCs and the differentiating cyst lineage cells. We
hypothesized:
H6

There will be a decrease in the number of Tj+ cells, because there will be a
depleted number of CySCs, thus a lack of cells to maintain the cyst lineage
population.

UAS shn flies and c587 driver control flies were aged for 8 or 12 days in 29oC,
dissected, and analyzed. The number of Tj+ cells were counted to determine if there was
a difference between UAS shn and control testis. In the testes from flies aged for 8 days,
the results were inconclusive. However, in flies aged for 12 days, the testes of UAS shn
flies contained an increased number of Tj+ cells.

Figure 3.12. Misexpression of Shn leads to an increase in the number of Tj+ cells.
Panels A-A’ show an UAS shn testis with an increased number of Tj+ cells. Fas3
labels the hub (white), vasa labels the germline cells (magenta), and Tj labels the cyst
lineage cells (green). EdU staining also used in these testis to label cells in S phase
(magenta). The hub is indicated by the asterisks. Panel A’ shows another z-stack of
the testis seen in panel A, where there are several Tj+ cells on the periphery of the
testis. Pnael B shows a c587 driver (control) testis.
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A UAS shn testis from one of the two replicates aged for 12 days can be seen in
Figure 3.12A and A’. The hub is labeled by Fas3 (white), germline cells are labeled by
Vasa (magenta), and cyst lineage cells are labeled by Tj (green). In these testes, EdU
staining was also performed to visualize cells in S phase. EdU staining can be seen in
magenta in Figure 3.12. In Figure 3.12A, the testis shows an increase in the number of
Tj+ cells. Figure 3.12A’ shows a differenct focal plane of the testis seen in Figure 3.12A,
where a large number of Tj+ cells can be seen on the periphery. The arrow indicates two
Tj+ cells out of the many seen. Figure 3.12B shows a c587 driver (control) testis.
The quantifications of the number of Tj+ cells seen in flies aged for 12 days can
be seen in Figure 3.13A-B as box-and-whisker plots. Figure 3.13A shows the data
collected from two replicates (indicated by R1 and R2). The data for replicate 1 is seen
on the left, while the data for replicate 2 is seen on the right. The UAS shn (experimental)
data is seen in blue, while the c587 driver (control) is seen in purple. Quantifications
from Figure 3.13A indicate that both sample groups show a significant increase in the
number of Tj+ cells (R1 P = 0.001, R2 P = 0.004). Similarly, when the data is combined
in Figure 3.13B, there is a significant increase in the number of Tj+ cells in flies aged for
12 days (P = 1.11x10-5). The experimental data is shown in blue on the left, while the
control is shown in purple on the right.
These findings do not support our hypothesis that there would be fewer Tj+ cells
in flies where shn is misexpressed. However, this data was collected from UAS shn flies
aged for 12 days, where it was discovered there was no significant difference in the
number of CySCs. These findings suggest a possibility of accumulation of more
differentiating cells than normal.
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Figure 3.13. Quantified data shows misexpression of Shn leads to increase Tj+ cells.
The number of Tj+ cells in UAS shn flies aged for 12 days was counted and inserted
into box-and-whisker plots. Panel A shows the data collected from two sample groups
(S1 and S2). Sample group 1 data is seen on the left and sample group 2 data is seen on
the right. UAS shn (experimental) data is visualized in blue, while c587 driver (control)
data is visualized in purple. Both sample groups show a significant increase in the
number of Tj+ cells found in experimental flies. Panel B shows the combined data from
the two sample groups. The experimental data is seen in blue and the control data is
seen in purple. When combined, the data confirms a significant increase in the number
of Tj+ cells found in UAS shn testis. Statistical significance is indicated by asterisks.
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Figure 3.14. There is no difference in the ability of CySCs to proliferate in UAS shn
testes based on the number of EdU+ Tj+ cells.
The number of testes containing EdU+ Tj+ cells was tallied for UAS shn flies aged for
12 days. For the UAS shn (experimental) and c587 driver (control) samples, 20 testes
were tallied in total. In each bar, blue represents the number of testes where EdU+ Tj+
cells were present and pink represents the number of testes where no EdU+ cells were
present. For the experimental group 15 out of 20 testes contained EdU+ Tj+ cells. In
the control group. In the control group, 11 out of 20 testes contained EdU+ Tj+ cells.
There was no statistical difference (indicated by lack of asterisks).

To determine if the increase in Tj+ cells was due to increased CySC division,
cells in S phase were labeled with EdU and the number of Tj+ EdU+ cells were tallied.
EdU staining labels cells that are in S phase, as previously described. Within the testis,
the only cyst lineage cells that divide are CySCs. Figure 3.14 shows the number of testes
that contained EdU+ Tj+ cells. For experimental and control, 20 testes were tallied. Blue
represents the number of testes that contained EdU+ Tj+ cells, while pink represents the
number of testes where there were no EdU+ cells. It was determined that in UAS shn
(experimental) flies aged for 12 days, the number of Tj+ EdU+ cells was slightly
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increased, but not significantly different when compared to c587 driver (control) flies
(Fig. 3.14). These findings suggest that increase in number of Tj+ cells is not due to an
increase in proliferation.
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CHAPTER IV
DISCUSSION
Review of Schnurri
TGFß signaling is used extensively during development, and during the normal
processes of self-renewal and differentiation of stem cell populations (37, 87). TGFß
signaling is known to be modified by the presence of cofactors such as Schnurri (Shn),
which bind to receptor-activated Smads (43, 44). It was reported that Shn is necessary in
the cyst lineage cells to allow for proper differentiation of the spermatogonia that they
encyst into spermatocytes (36). Though the mechanism by which Shn in the cyst lineage
regulates the TA process in the germline is mostly unknown, the results seen when Shn
and other TGFß signaling pathway components are lost suggests that the TGFß signaling
pathway functions in the cyst lineage cell, where Shn acts as a cofactor, then there is a
signal from the cyst lineage cells to the spermatogonia they surround (36). Within the
germ cells, Bam and Bcgn are required to regulate the TA process (54, 55). Without Shn,
the TGFß receptor Punt, the R-smad Smox, Bam, or Bgcn, spermatogonia overproliferate and eventually undergo apoptosis (36, 38, 54, 55).
The purpose of our research was to determine whether Shn functions in additional
ways within the cyst lineage cells of the niche. We hypothesized:
H1

Shn is a master regulator of the cyst lineage differentiation process,
therefore Shn would be sufficient to promote the differentiation of CySCs,
while the suppression of Shn would be necessary for the self-renewal of
CySCs.
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To test our hypothesis:
A1

We investigated the expression pattern of Shn in order to test where it
might be expressed.

A2

The loss of Shn in the cyst lineage would determine whether Shn is
necessary for the regulation of normal differentiation processes.

A3

The misexpression of Shn in the cyst lineage would show whether the
differentiation program could be induced by Shn in the CySCs.
Schnurri is Expressed in All Cell Types
of the Testis Niche, except
Cyst Stem Cells

To determine which cells within the testis niche express shn, the staining of Shn
GFP and Shn lacZ enhancer trap flies were examined. Three fly lines were utilized: two
lacZ enhancer trap lines, and a Shn-GFP fusion protein fly line. When the two lacZ
enhancer trap lines were observed, it was discovered that the lacZ reporter was not
expressed in the CySCs, however it was expressed in the differentiating cyst lineage
cells. The consistent phenotype seen between two different lacZ enhancer trap lines
provides confidence in these findings. Interestingly, the expression of shn within the late
spermatogonia was different between the Shn lacZ enhancer trap lines. It appeared that in
one line, lacZ was expressed in the later spermatogonia, while in the other, it was weakly
or not expressed in the late spermatogonia. The difference in the expression patterns
within the late stage spermatogonia could be due to the fact two different lacZ enhancer
trap lines were used. Previously, it has been described that the proximity of the lacZ
insertion to the promoter of the target protein could affect the strength and partial
expression of lacZ (85). Since the two lacZ enhancer trap lines have different lacZ
insertion sites, one might be under the control of all enhancers, while the other might be
too far away from one enhancer to be affected by it, but close enough to the others to still
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show some aspects of shn’s normal expression pattern. However, the enhancers that
control the transcription of shn are unknown, so we cannot definitively prove which
enhancers act on the different lacZ insertions.
Interestingly, the results of the staining methods differed. In the testis with ShnGFP, GFP accumulated in all cells of the testis niche, including the CySCs. The Shn-GFP
fly line was created utilizing Shn-GFP fusion protein in a BAC clone that was inserted
into flies, so the expression of the fusion protein is regulated by the normal shn regulatory
elements found in the BAC. The BAC clone may have included some of the normal shn
enhancers, but not others. Alternatively, the BAC insertion could be located in a
heterochromatic region of the chromosome. For the shn-Gal4 line that failed to express
GFP in any cells, the insertion could be located too far away to fall under the control of
shn enhancers (85).
Besides using fly lines that directly report the expression of brk, was also
examined. Shn is known to repress brk, so the expression pattern of brk was hypothesized
to be opposite of shn, thus present in the CySCs. Two different brk lacZ enhancer trap fly
lines were used to determine the expression of brk. Though staining was weak, brk was
found in the CySCs in one of the lines, and in the hub cells in both lines. Similar to the
shn lacZ lines, the difference in expression patterns could be due to the proximity of the
lacZ insert in reference to the promoter for brk (85). This result provides further evidence
supporting the repression of shn in the CySC population.
These findings support our hypothesis that shn is absent in the CySCs, thus the
repression of shn might be necessary for the proper functioning of CySCs, including the
maintenance of their stem cell identity. Zfh-1, the transcription factor that is known to be
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required for CySC self-renewal, is known to be a ZEB factor, which directly interact with
R-Smads in vertebrae (26, 77). Because Zfh-1 and Shn both interact with R-Smads, there
is potential for shn to function as a replacement of the Zfh-1 R-Smad cofactor in its role
as a CySC self-renewal factor, to induce differentiation of the CySCs. Because it has
been shown that shn is not present in the CySCs, we now know there is likely no
overlapping expression of shn and zfh-1. The discovered expression pattern of shn might
be an indicator that shn does in fact replace zfh-1 as a cofactor to Mad to allow for a
mechanism that changes the self-renewal signaling to differentiation signaling.

Figure 4.1. The potential models of the regulation of spermatogonia via shn (35).
Two potential models were developed to explain how shn acts on the regulation of
spermatogonial TA. Panel A shows where shn is active (cyst lineage cells), and where
Put, the receptor for activin signaling, is expressed (germline and cyst lineage cells).
In grey is the hub, yellow indicate CySCs, green indicate GSCs, red inidicates
spermatogonia, and blue indicates cyst lineage cells. Panel B represents the theory that
shn acts at all stages of TA to regulate spermatogonia, while panel C represents the
theory that shn acts at the 16-cell stage to prevent further division and allow for
differentiation into spermatocytes. Our findings support the first theory, shown in
panel B (35).
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In the study performed by Matunis, et al. (1997), two potential models for shn
function in the cyst lineage were put forward (Fig. 4.1) (36). Since it known that shn is
necessary to prevent overproliferation of spermatogonia, one theory is that shn is
necessary at the 16-cell stage of TA spermatogonia to allow for differentiation into
spermatocytes. Conversely, the second theory is that shn is necessary in the cyst lineage
through all stages of spermatogonia differentiation to help regulate the TA division
process (36). Given our results showing that shn is expressed in the cyst lineage cells
through the entire TA process, this supports the second theory.
Schnurri Ablation in the Cyst Lineage
Leads to an Increase in the
Number of Cyst
Stem Cells
By examining how the loss of shn in the cyst lineage affects the phenotype of the
testis, the understanding of how shn functions to regulate processes in the testis niche
could be further explored. We hypothesized that the ablation of Shn would lead to an
increase in the number of CySCs, because they will be unable to differentiate. The
method used to ablate shn in the cyst lineage was RNAi via the UAS/Gal4 system (81).
In shn RNAi testes, a significant increase in the number of CySCs surrounding the hub
was observed, and this difference was observed at two time points after RNAi induction.
In 7 out of 76 (~10%) of the testes, there was over double the normal amount of CySCs
(40+). In flies that were aged for 12 days, this extreme phenotype was even more
pronounced, with over 100 CySCs found in ~10% of the testes. Those testes that
contained an excessive amount of CySCs were defined as having a severe phenotype.
Since shn is expressed in the differentiating cyst cells, the increase in the number of
CySCs suggests a misregulation in the process of differentiation.
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Although three separate sample groups after 8 days aging each showed a
significant increase in the number of CySCs in UAS Shn RNAi flies, one of the sample
groups did not reach significance. When compared to the other samples, it was found that
there were no testes containing a severe phenotype, with more than 40 CySCs. This could
lend to the lack of significance. Regardless, the average number of CySCs in this sample
was still higher than the control, suggesting that this sample follows the same pattern.
When all the sample groups were combined, the large sample size likely contributed to
the statistical significance (P = 4.83x10-5).
In flies aged for 12 days, the pattern in which there were more CySCs in the flies
where Shn was ablated remained and appeared to become more severe. In some of the
severe phenotype testes, where there were more than 100 CySCs, CySCs were the only
cells found within the testis niche, and all the germ cells had disappeared. Interestingly,
the average number of CySCs found in the flies aged to 12 days was 47, which is more
than double the amount of CySCs found in wild-type testes. These findings show that the
phenotype for the flies exposed to UAS Shn RNAi conditions for longer were more
severe.
Interestingly, the extreme phenotype that we observed was seen in some, but not
all, testes. This difference in severity of phenotypes could be due to the amount of Shn
present. The induction of RNAi does not remove all of the endogenous target protein.
There is still a small amount of shn being produced, though the amount is unknown.
However, the small amount of shn present could be enough to induce differentiation in
some CySCs. Since the phenotype in later aged testes was more severe, the amount of
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time the CySCs were exposed to the RNAi conditions might allow for more degradation
of shn mRNA to occur.
Previously, it has been described that a phenomenon called ‘squelching’ has
occurred in mutant shn flies, where activation of an upstream BMP effector (TkvA)
induced overaccumulation of Mad/Medea in the nucleus (66). The overaccumulation led
to Mad/Medea being able to act without shn as a corepressor to induce activation of brk
when it would normally be repressed. Essentially, the overaccumulation of Mad/Medea
led to a phenotype that was the opposite of what was expected (66). If shn is absent in the
nucleus, but Mad/Medea is still present, it is possible that they might still act to activate
genes they would normally repress in the presence of Shn. The genes that might be
activated could allow for the maintainence of the stem cell identity, thus creating an
increase in the number of CySCs. However, it has not been confirmed that shn interacts
with Mad/Medea in the testis niche and the requirement for the BMP pathway in CySCs
has not been specified.
Besides understanding how CySCs respond to the ablation of most Shn, we
examined the Tj+ cell populations, which stains all cyst lineage cells (CySCs and
differentiating cyst cells). We hypothesized that there will be an increase in Tj+ around
the hub, which would confirm the results seen with Zfh-1+ cell counts where there was
increase in CySCs. However, we further expected to see a decrease in the number of cyst
lineage cells seen away from the hub, because the CySCs will be unable to differentiate.
There were two sample groups that were aged to 8 days under RNAi conditions.
When combined, there was a significant increase in the number of Tj+ cells found within
the testis. However, one of the sample groups showed no significant difference in the
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number of Tj+ cells between UAS Shn RNAi flies and control flies. Similar to the CySC
counts, there was a pattern in which there were increase Tj+ cells in the UAS Shn RNAi
flies compared to the control cyst lineage cell amounts. However, the UAS Shn RNAi
flies in the second sample group had a lower average number of Tj+ cells (average = 54)
than the control group in the first sample group (average = 61). This could be due to a
small sample size, because when the data is combined, statistical significance is reached
(P = 0.039).
Furthermore, we decided to explore the reason behind the increase in the number
of CySCs. The increase could be due to an increase in the division rate of CySCs, or there
could be a defect in the ability of the CySCs to differentiate. By examining the cells that
are in S phase via EdU labeling, it was discovered that the ablation of Shn does not affect
the ability of CySCs to divide. There was no significant difference in the fraction of testes
with labeled EdU-positive Tj+ cells that are located near the hub, and thus classified as
CySCs. This suggests that the defect occurring in UAS Shn RNAi flies does not affect the
ability of CySCs to proliferate, rather it affects the ability of CySCs to differentiate into
cyst lineage cells. However, not all Tj+ cells are lost in the UAS Shn RNAi flies,
suggesting there are still some cyst lineage cells that are able to differentiate, just
potentially at a lower frequency.
Interpreting the Loss of Schnurri Results
As previously mentioned, there is no overlapping expression of zfh-1 and shn,
which means that they could function oppositely. Interestingly, both Zfh-1 and Shn are
R-Smad cofactors. The activation of Zfh-1 in the CySCs is in response to JAK-STAT
signaling and the Upd ligand secreted from the hub (22, 25, 26). Also secreted from the
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hub are dpp/gbb, the ligands necessary to activate the TGFß pathway (35, 37).Because
zfh-1 and shn do not overlap in expression and might function in opposition to allow for
self-renewal (zfh-1) or differentiation (shn), the JAK-STAT signaling pathway might be a
necessary repressor of shn in the CySCs, thus allowing for zfh-1 to have a more active
role in the CySCs. Potentially, zfh-1 might act as a Mad cofactor as TGFß signaling is
occurring in response to dpp/gbb from the hub. As the CySCs divide and the daughter
cell is pushed away from the hub, the Upd signaling decreases, thus decreasing the zfh-1
transcription. This might allow for the activation of shn transcription that in turn could
repress the transcription of zfh-1, allowing for further progression through differentiation.
Shn might then act as a binding partner to Mad to induce further differentiation signaling.
When shn is lost in the CySCs, this differentiation signal would be lost, resulting in an
increase in CySCs due to prolonged zfh-1 exposure, similar to our results.
Because the increase in the number of CySCs could be due to the persistence of
zfh-1 instead of shn, the proliferation rate of the CySCs would not be affected. Instead, as
the CySCs divide, instead of differentiating in response to shn, they would maintain their
stem cell identity. Since most of the UAS Shn RNAi testes still contained differentiating
cyst lineage cells, but simply had more CySCs surrounding the hub, the availability of
upd or gbb/dpp might affect the CySCs that have moved too far from the hub to receive
their signal. These cells might differentiate, because they simply don’t receive the selfrenewal signal, therefore maintaining a small population of differentiating cyst lineage
cells. In turn, when the testes is full of only Zfh-1+ cells, they might not all necessarily be
CySCs, but because shn is not present, zfh-1 remains active and prevents the ability of the
cyst lineage cells to regulate spermatogonia. The general understanding of how the JAK-
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STAT pathway activates Zfh-1 is likely too simplistic, so we probably do not fully
understand how Zfh-1 is or can be regulated in the testis niche. The result is a mass of
Zfh-1+ cells that continue to divide, but fail to regulate any germline cell process,
resulting in the loss of all germline cells.
The partial penetrance seen in our results might also suggest that shn has a higher
binding affinity for Mad than zfh-1. If there is still enough Shn being produced in the
UAS Shn RNAi flies, Shn might be able to still function normally to bind Mad in place of
zfh-1, and repress zfh-1 transcription. Once this differentiation process has started, the
cyst lineage cells would move away from the hub and out of reach of the potentially
repressive JAK-STAT signaling, thus allowing for the small amount of shn being
produced to function normally as a Mad and Smox binding partner. In the flies that have
aged for 12 days, there might be less shn present due to prolonged exposure to RNAi
conditions, thus providing less chance for Shn to function properly to replace Zfh-1.
Interestingly, Mad is known to not be a necessary R-Smad in the cyst lineage nonautonomous regulation of spermatogonial transit-amplification (38). With the repression
of shn lessening in the face of less JAK-STAT signaling, Shn might be more capable of
binding to Smox, the R-Smad that is necessary for regulation of TA. This could mean
that shn might interact with Mad to regulation early cyst lineage differentiation and
interact with Smox to regulate the later transit-amplifying spermatogonial differentiation.
Since shn is mostly known to interact with Mad during Drosophila development, the
chances of shn also interacting with Mad and Smox in the testis is likely, but thus far not
directly proven.
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Misexpression of Schnurri in the Cyst
Lineage Leads to a Decrease in
the Number of Cyst
Stem Cells
The last aim of our research was to examine the effects of misexpression on the
cyst lineage cells of the testis niche. By examining the phenotypes seen in misexpression
flies, processes in which shn is normally not functioning in can be determined. We
hypothesized that the misexpression of shn would result in a decrease in the number of
CySCs, because shn is a regulator of the differentiation process and would induce
premature differentiation. To induce the misexpression of shn, the UAS/Gal4 system was
utilized in a tissue-specific manner to produce shn constantly in the cyst lineage of the
testis niche (81).
In flies that were aged for 8 days, there was a significant decrease in the number
of CySCs in the UAS Shn flies. Two sample groups were used to create a combined
dataset, where the significance was confirmed (P = 0.0014). One of the sample groups
showed that there was no significant difference in the number of CySCs. However, was
all samples combined showed a statistically significant decrease in the number of CySCs
found in UAS shn flies. Interestingly, the flies that were exposed and aged in the UAS
shn conditions for 12 days showed no significant decrease in the number of CySCs
compared to control flies. Two sample groups were used to confirm the phenotype seen.
This does not support the hypothesis we put forward. Ultimately, there is a process in the
UAS shn flies that is being affected. Based on our results, this process is likely
differentiation, but further examination of this phenotype would have to be explored to
confirm this.
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We also examined how the misexpression of shn affects the entire cyst lineage, by
using Tj cell staining. We hypothesized that the number of Tj+ cells would decrease in
UAS Shn flies, because there were fewer CySCs, which would also lead to less cells to
replenish the cyst cell population. Unexpectedly, in the testes aged for 12 days, there was
a significant increase in the number of Tj+ cells. Taken together with the observed
decrease in CySC number, this indicates that there must be an increase in the number of
differentiating cyst cells. We also found that the fraction of testes containing EdU+ Tj+
cells adjacent to the hub were similar between the UAS shn and c587 driver control flies.
Interpreting the Misexpression of Schnurri
It has been suggested previously in our interpretation that shn is necessary for the
differentiation of CySCs. With this in mind, the loss of CySCs under UAS shn
misexpression conditions makes sense. However, it is clear that shn expression is not
sufficient to force differentiation of the entire CySC population, since many CySCs still
remain in these testes.
The definition of a stem cell in the testis niche is that it is a cell that contacts the
hub. The Zfh-1 antibody stain is used to label the CySCs of the testes, but this stain
actually labels a slightly larger population of cells than just the stem cells, as Zfh-1
protein still accumulates in the immediate daughters of CySCs. This means that there are
likely a few early cyst cells that are being stained by Zfh-1. At this stage, where the cyst
lineage cell has just been created, shn might act to promote differentiation processes.
Younger flies have higher numbers of stem cells, and a higher division rate of
those cells. Therefore, in flies aged for 8 days, where we observed a decrease in the
number of CySCs upon Shn misexpression, it could be due to the robust effects of shn on
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the more numerous newly divided cyst cells beginning the differentiation process. In
contrast, in the flies aged for 12 days, where we observed no change in CySCs and an
increase in Tj+ cells, there may simply be less of these newly divided cyst cells to force
into differentiation.
The change from Zfh-1+ cells to Shn+ cells could be a distinct step in the change
from stem cell to differentiating in the cyst lineage. As the proteins do not overlap in
expression, they might counteract each other in function and ability to repress one
another. When there is more Zfh-1 than Shn, the cells might maintain there stem cell
identity, but as the Zfh-1 decreases and the Shn increases in the cells, this might switch
the programming. This does not necessarily mean that Shn is a master regulator of the
differentiation, but rather a key transcription factor in the start and progression through
the differentiation process of the cyst lineage.
Future Directions
Based on the research performed in this study, shn has a functional role in the cyst
lineage cells of the testis niche. However, more information to fully understand this
function needs to be examined. While analyzing the aforementioned data, we noticed that
the UAS shn flies appeared to cause a change in the normal spermatogonial transit
amplification process. Considering the role of shn as a necessary component of the TA
process at the 16 cell stage to allow for differentiation into spermatocytes, it is possible
that elevated shn levels can act to prematurely cause this differentiation. The results of
the expression pattern of shn suggests shn acts on the spermatogonia at all stages of the
TA process, further supporting this potential function. To further explore this, we looked
at the feasibility of counting the cysts of germline cells that were EdU+.
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Flies that were aged and exposed to UAS shn conditions for 8 days were
examined. Within the testis where Tj+ cell staining occurred, EdU labeling was utilized
to stain cells in S phase. In normal spermatogonial TA, the cells undergo synchronous
division four times. This results in groups of 1 (GSCs and their immediate daughters,
gonialblasts), 2, 4, 8, and 16 spermatogonia. As a pilot experiment to quantitate the
differences in transit amplification, we counted the total number of EdU-labeled germ
cell cysts of each size in twenty testes of each genotype (Figure 4.2).

Figure 4.2. There are more EdU+ early-stage encysted germline cells in UAS shn
testes.
To determine if counting EdU+ groups of encysted germline cells (GCs) was possible,
20 UAS shn testes were examined. On the x-axis is the number of TA spermatogonia
groups counted in 20 testes and on the y-axis is the number of spermatogonia per cyst.
The EdU+ encysted germline cells can be found in: 1 GC (purple), 2 GCs (orange), 4
GCs (green), and 8 GCs (blue). In UAS shn, there appear to be more early-stage (2
GCs, 4 GCs) groups of TA spermatogonia, suggesting a defect in the differentiation
process.
In UAS shn flies, there were more early groups of spermatogonia (single germ
cells, and pairs of germ cells) in S phase (Fig. 4.2A and 4.3A). Figure 4.2A shows a UAS
shn testis with several groups of EdU+ germline cells. The hub is labeled with Fas3
(white), germline cells are labeled with vasa (magenta), and cyst lineage cells are labeled
with Tj (green). EdU+ cells are indicated in white. Figure 4.3B shows a control testis.
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The control testes had more than double the number of germ cell groups in the 8-cell
stage that are committed to dividing.

Figure 4.3. Increased Tj+ cell span and increased number of EdU+ spermatogonia.
These testes represent what would be seen if the cysts of germline cells were
examined. Panel A shows a UAS shn testis with several groups of EdU+ germline
cells and an increased span of differentiating cyst lineage cells. Panel B shows a
control testis. Fas3 labels the hub (white), vasa labels the germline cells (magenta),
and Tj labels the cyst lineage (green). EdU is seen in white.
Previously, it has been characterized that with misexpression of bam and EGF
signaling, spermatogonia undergo premature terminal differentiation into spermatocytes
(58). Bam is a regulator of the TA process and is necessary to prevent overproliferation of
the spermatogonia (54, 55). Because it has been previously implicated that shn acts to
somehow regulate the TA process, these findings in UAS shn flies might suggest that shn
in the cyst lineage acts upstream of bam in the germline lineage. Alternatively, shn might
act upstream of another component of the spermatogonia that prevent overproliferation
and enhance terminal differentiation. This might suggest a redundancy in the function of
these pathways, or that shn is a target of these pathways. With further exploration of the
spermatogonia that are EdU+, the understanding of how shn functions within the cyst
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lineage to regulate the spermatogonia they encyst can be expanded upon. It appears that
shn is necessary for the regulation of normal cyst lineage processes.
Another aspect of the premature induction of differentiation into spermatocytes
potentially found in UAS shn flies could be the amount of Tj+ cells present. As
previously mentioned, we found an increase in the number of Tj+ cells found in UAS shn
flies aged for 12 days. Since Tj+ cells are typically early-stage cyst lineage cells that are
engulfing TA spermatogonia, this increase in Tj+ cells could allow for more cysts of TA
spermatogonia being guided through differentiation. This could also explain why there
are more early-staged TA spermatogonia, as more are being created. Figure 4.4 shows
two UAS shn testes and a control testis. E-cad labels the hub (white, labeled by asterisks),
vasa labels the germline cells (magenta), and Tj labels the cyst lineage cells (green). Also
seen in these figures is EdU in white. In Figure 4.4A and B, you can see the expanded
area of Tj+ cells spanning further down the testes in comparison to the c587 driver flies
(Fig. 4.4C). This increase in area could be due to increased differentiation capacity of the
cyst lineage, as well as the increased ability to support early-stage TA spermatogonia.

Figure 4.4. There is an increased area of Tj+ early-stage cyst lineage cells.
Panel A and B show two UAS shn testes where there appears to be an increased area
of the number of Tj+ cells found compared to the control testes seen in panel C. This
increased area of early-stage Tj+ cells could be in result of increased differentiation
and division rates of CySCs and an increased capacity to support TA spermatogonia.
It could also be indicative of increased early-stage TA spermatogonia. The hub is
labeled by E-cadhern (white), the germline cells are labeled by vasa (magenta), and
the cyst lineage cells are labeled by Tj (green). EdU staining is also present in white.
The hubs are labeled with asterisks.
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Another possible approach would be to use the Eya expression pattern in the
testes to provide insight into how the cyst lineage cells are maturing. We did stain for Eya
is some of our experiments, and we saw clear examples in the UAS Shn testes of an
expanded region in the testis that were devoid of Eya+ cells compared to control testes
(Figure 4.5A and B). In the stains we performed, the understanding of the Eya staining
was being developed. For future experiments, imaging should cover a larger area of the
testes to allow for full visualization of late-stage cyst lineage cells, and counting of Eya+
cells. In turn, Tj+ costaining would be useful to visualize where early-stage cyst lineage
cells turn into late-stage cyst lineages.

Figure 4.5. Expanded Tj+ cells leads to Eya expression further from the hub.
Panel A represents a UAS Shn testes in which Eya stain, that stains late-stage cyst
lineage cells, appears to be further from the hub. This is potentially due to an
increased span in the number of Tj+ cells found within UAS Shn testes, suggesting an
increase in the population of early cyst lineage cells and TA spermatogonia. Panel B
shows a c587 driver (control) testis. E-cad labels the hub, Zfh-1 labels the CySCs, and
Eya labels the late cyst lineage cells. The hub is labeled by the asterisks.
Ultimately, our results suggest that shn is necessary for the differentiation of
CySCs, however the exact role remains a mystery. These findings provide confidence
that shn might also have a role in the regulation of the cyst lineage cells as they
differentiate. Perhaps shn is a necessary cofactor in the BMP and activin pathway to
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allow for proper regulation and function of the entire cyst lineage. It is possible that shn
is necessary as a cofactor of Mad to induce differentiation of CySCs into cyst lineage
cells and its presence is necessary for the cyst lineage as a cofactor to Smox to maintain
proper control over the TA spermatogonia.
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